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This study repons the preliminary results of a new approach to extend 
the usage of a Spray Dryer/Baghouse system to high sulfur coal applications. 
Pilot plant results are analysed and reponed for a combined Ca(OH)2/NH 3 
injection system at inlet S02 concentrations of 2000 ppm and 3000 ppm in the 
flue gas. The results showed >90% overall S02 removal at average 9 1 .6% sorbent 
utilization. Some concerns of a ful l  scale system e.g. waste disposal , 
performance of the baghouse have been discussed. Areas of funher study 
have been identified. 
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1 .  INTRODUCTION 
The objective of thi s project was to demonstrate the technical feasibility of 
a more cost effective alternative to Ca(OH)2 based spray dryer technology for 
desulfurization of flue gases from high sulfur  coal. The proposed alternative 
involved dual sorbent injection, namely Ca(OH)2 slurry and gaseous NH3 , to 
create an additive effect on the overall S02 removal. Ca(OH)2 slurry was used as 
the base sorbent up to a predetermined stoichiometric ratio beyond which the 
utilization began to decrease significantly. Gaseous ammonia was used as the 
supplemental sorbent to boost the overall removal efficiency to the desi red 
extent. One of the major goals of the project was to demonstrate that this 
combined Ca(OH)2/NH3 based system could achieve 90%+ overall S02 removal 
efficiency on high sulfur coal (up to 3000 ppm S02 ). a condition which could 
not be achieved at present with a Ca(OH)2 based once through spray dryer 
s y stem . 
Previous studies have shown that a Ca(OH)2 based spray dryer system has 
high sorbent utilization of 90%-95% up to a stoichiometric ratio of 0.6-0.8, 
beyond which the utilization starts to decrease { 1 ,2,3). Also. it has been 
demonstrated that NH3 reacts with S02/S 0 3 to form ammonium sulfites and 
bisulfites with a near 100% utilization at temperatures below 2500 F (4,5). After 
the reaction, if the gases are cooled below the sublimation temperature of the 
products (1 800 F-2000 F), fine particulates are formed which can be collected 
in a conventional particulate collector such as a baghouse or electrostatic 
p rec ip i t a tor. 
Thi s  project merged these two proven technologies with the objective of 
achieving 50%-60% baseline S02 removal with Ca(OH)2 slurry supplemented 
1 
by an additional 3 0%-4 0% removal with NH3 , at an overall sorbent utilization 
of 9 0% or better. It was anticipated that the larger size particle of the 
products of the Ca(OH)2/S 02 reactions would provide the necessary buffer to 
protect the bags from blinding and prevent high pressure drop across the 
baghouse resulting from the submicron sized products of the NH3/S 02 
reactions. Restated, the objectives of the project were as follows : 
1 .  Demonstrate that 9 0%+ S02 removal efficiency could be  achieved 
with a 90%+ sorbent utilization by a combined Ca(OH)2 I NH3 based 
system for high sulfur coal up to 3000 ppm S02. 
2. Evaluate the effect of individual sorbent utilizations on the 
overall sorbent utilization of the combined system, and 
3 .  Compare the rate of rise in pressure drop across the baghouse 
between the individual systems and the combined system. 
The project objectives were met by conducting a matrix of tests on a 1 000 
acfm Spray dryer/Baghouse pilot plant located at the University of Tennessee 
Steam Plant, Knoxville, between June 1987 and January 1 988.  These tests were 
conducted in three sequential stages as follows 
Stage 1 - Tests with Ca(OH)2 injection and NH3 injection separately to 
obtain the baseline S02 removal data for individual systems. 
Stage 2 - Tests with combined injection at three different baseline 
Ca(OH)2 stoichiometric ratios to determine the optimum ratio of 
the two sorbents to achieve 9 0%+ overall efficiency with best 
utilization. 
Stage 3 - Test for an extended period of time at the optimum condition 
previously determined from Stage 2, to demonstrate the 
repeatability of the results. 
2 
This thesis will discuss the results of all the above tests. 
For this new process to be both environmental ly and economically 
acceptable, two other areas need to be addressed satisfactorily. Firstly, an 
adequate degree of regeneration of NH3 from the reaction products would have 
to be achieved. The NH3 could then be recycled in the system to minimize the 
overal l  NH3 requirement and improve the economic viability. Secondly, a safe, 
adequate and low cost method for disposal of the products needs to be 
demonstrated. It was anticipated that a solution to the NH3 regeneration would 
automatically address the disposal question as the products containing no 
ammonium compounds could then be sent to landfills as per the current 
prac t i ce .  
The reaction products were characterized a t  the University of  Cincinnati, 
as a pan of the overall project. Also, preliminary studies on the regeneration 
of NH3 from the products are being conducted at the University of Tennessee, 
Knoxville by other researchers. As both these studies have important bearing 
on the acceptance of this new process, published results of these tests will be 
also be cited in this thesis. 
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2. BACKGROUND OFTHEPROffiCT 
Use of coal as a fuel in the utility industry has increased considerably over 
the last few decades in keeping pace with industrialization and hi gher 
standards of living. Today, an estimated 1 00 mill ion tons of coal is burned 
every day in 1 00 utilities in the United States alone. These figures arc cenain 
to rise in the coming decades. 
The Clean Air Act Amendments of 1970 and the subsequent New Source 
Performance Standards have l isted S02. and paniculates as criteria pollutants 
and established emission standards in the United States. The current NSPS as 
per 40 CFR. 60 (1982) is as follows : 
Paniculates 0. 03 lbs/million BTU heat input. 
At least 7 0% S02 removal up to emission rate of 0.60 
lbs/million BTU or at least 9 0% S02 removal up to 
emission rate of 1 .2 lbs/million BTU heat input 
depending on sulfur content and heating value of the 
coal. 
The wet l ime/limestone scrubbing process has been used widely in the 
utility industry for desulfurization of flue gases chiefly due to the high S02 
removal efficiency achievable and low cost of the sorbent. The major 
disadvantages of thi s  process are : 
1 .  Difficult handling of wet residual product, 
2. Elaborate l ime slaking and handling arrangement required, 
3. Corrosion of equipment downstream of wet scrubber since the flue 
gas is  cooled below the acid dew point, and 
4. Hi gh maintenance costs and low plant availability. 
4 
In the late 1960s and early 1970s, the concept of dry sorbent injection for 
desulfurization was explored and tests identified dry sorbents which react with 
S02 in the flue gas. Materials tested included CaO, Ca(OH)2, NaHC03, Na2C03 , 
Nahcolite, and Alkalized alumina (6). In the late 1970s, the concept of spray 
drying was extended from the food and dairy industry to flue gas 
desulfurization. The process involved bringing the hot flue gas in contact with 
a finely atomized Ca(OH)2 slurry in a cylindrical reactor. The S02 diffused into 
the slurry droplets and reacted with the calcium to form insoluble CaS03/ 
C a S  04 which were entrapped within the droplets. Sensible heat transfer from 
the hot flue gas evaporated the water in the droplets resulting in a solid 
residual product which was collected in a downstream paniculate collector. 
The cleaned and cooled flue gas was discharged to the atmosphere. The 
temperature of the flue gas at the spray dryer outlet was maintained above the 
water dew point to avoid corrosion and plugging of downstream equipment. 
Results of this process were very encouraging for low sulfur coal 
applications but extension to high sulfur coal resulted in poor sorbent 
utilization. Figure 1 and 2 show the results of some earlier tests conducted in 
the 1000 acfm pilot plant at The University of Tennessee, Knoxville (7 ,8) at two 
different inlet S02 concentrations, 1000 ppm and 3000 ppm. Figure 1 shows that 
for both inlet concentrations, the S02 removal efficiency decreased with 
higher stoichiometric ratio. Figure 2 shows that the sorbent utilization (i.e. the 
ratio of efficiency and stoichiometric ratio) decreased with both higher 
stoichiometric ratio and higher inlet S02 concentration. The reasons for this 
decrease in efficiency and utilization are believed to be the low solubility of 
lime in water and higher mass transfer resistance to dissolution of lime at the 
5 
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Figure 2: Typical Overall Sorbent Utilization in Only Lime Injection Mode 
at 1000 and 3000 ppm 
higher solids concentration within the slurry droplets. These phenomena wil l  
be discussed in more detail in  a later chapter (Results and Discussion). 
A supplemental S02 removal mechanism. is one alternative proposed to 
achieve the desired 90%+ removal efficiency in the case of high sulfur coal 
applications. Gaseous NH3 injection was selected for this purpose in this 
project. Choice of gaseous NH3 was made for a number of reasons. Previous 
research at the pilot plant level has shown that below 1 800 F-2000 F, which is 
well within the normal operating range of spray dryer operations, NH3 reacts 
rapidly and efficiently with S02 in the flue gas achieving 96%-99% removal 
with near 100% utilization (4). In the gaseous form, storage and handling of 
N H 3 would be simpler than solid/liquid sorbents. Also. the injection of the 
gaseous NH3 would not require costly injection nozzles. 
The choice of this sorbent was also favoured due to the potential for high 
degree of regeneration of NH3 from the product. Near 100% regeneration of 
N H 3 bas been reported in the literature (9) for only NH40H injection system 
and it seemed reasonable to expect similar regeneration efficiency for this 
combined sorbent injection system also. 
The NH3/S 0 2 reaction products have been reported (4) to be submicron 
sized which have a tendency to blind the filter bags and cause high pressure 
drop across the baghouse. It was presumed that this would be effectively 
counteracted by the buffering capacity of the larger sized Ca(OH)2/S 02 
reaction products. 
Thus, the project was conceived as a merger of two successful technologies 
to achieve 90%+ S02 removal with high overall sorbent utilization on high 
sulfur coal, which was not possible with conventional Ca(OH)2 based once 
through spray dryer system. Successful implementation of this new process in 
8 
ful l  scale unit would have significant impact on the air pollution control 
industry, as this would extend the usage of reliable spray dryer technology to 
high sulfur coals. As a retrofit, this process would enhance the S02 removal 
efficiency of an existing spray dryer system thus making it possible to switch 
over to abundantly available and less costly  high sulfur coals. 
9 
3. LITERATURE REVIEW 
Desulfurization of flue gas from utili ties and other coal burning operations 
have been in use for more than 40 years. Most of these FGD systems were of the 
wet type in which the flue gas was scrubbed with a large quantity of an 
alkaline slurry, usually Ca(OH)2 . High efficiencies were obtained due to 
intimate contact between the reacting species and the large liquid to gas ratio. 
However. major difficulties were faced in slurry and wet sludge handling. 
l ime slaking operations. and from corrosion of process equipment. 
In the 1960s and 1970s, efforts were made to find a simpler alternative to 
the wet l ime/limestone FGD. A number of materials were tried out as potential 
dry sorbents including CaO, Ca(OH)2. NaHC03, Na2C03. Nahcolite, Alkalized 
alumina (6). Only the Na-based sorbents were found to be sufficientl y  reactive 
to merit more detailed study and Nahcolite was found to be most effective. 
However. commercial mining of Nahcolite from the mines at Colorado proved 
to be economically unattractive (10). So the search for a simpler alternative 
FGD took a d ifferent tum and in 1970s. the concept of spray drying was 
borrowed from the food, dairy industry. 
Spray Drying 
Spray drying had been used in the food and dairy industry for over 40 
years with great success. The advantage of this type of drying over 
conventional drying was that this process ensured a much larger surface area 
for evaporation by splitting the slurry into a large number of very fine 
1 0  
droplets. Since desulfurization also involved surface area of sorbents and 
droplets, it was presumed, quite correctly, that this process would be a 
successful alternative to wet FGD (1 1) .  
Most spray dryer designs were direct adaptations of the standard designs in 
the food, dairy industries though the purpose was quite different. In the food 
industries the purpose was of simple evaporation of the water to produce a dry 
product. In desulfurization the purpose was removal of S02 by reaction with an 
alkaline sorbent. The process involved diffusion of the S02 gas into the slurry, 
dissolution of sorbent particles into the slurry and reaction of these two 
species within the slurry. Thus, while in the food industry faster drying 
(without denaturing the product) was preferred, in FGD, slower drying was 
preferred as this would yield a longer time for reaction and higher S02 
removal efficiency. The desulfurization process was thus far more complex 
and depended on a number of variables which needed to be manipulated 
optimally to obtain adequate S02 removal efficiency. 
The typical spray dryer system consists of a number of subsystems. In the 
slurry preparation unit, the sorbent (typically CaO) is slaked and diluted to 
desired concentrations. The slurry is finely atomized in the spray dryer by 
nozzle type or high speed rotary disc type atomizers. The raw flue gas, usually 
at 3000 F -400° F flows cocurrently in the spray dryer and comes in intimate 
contact with the slurry. The S02 diffuses into the slurry droplets and reacts 
with the lime within these slurry droplets. The reaction product is entrapped 
within the droplet. Simultaneously, there is sensible heat transfer from the 
hot gas to the slurry and this resul ts in the evaporation of the water from the 
droplet. A dry powdered product is formed at the end of the spray drying 
which is then collected in a downstream particulate collector e.g. electrostatic 
1 1 
precipitator, baghouse etc. The cooled and cleaned flue gas flows out of the 
system and is discharged into the atmosphere with reheat, if necessary. The 
collected powdery product is a mixture of the reaction products and the 
unreacted sorbent. This is handled in the solids handling subsystem and is 
either recycled or disposed off in landfills. 
Process parameters affecting spray dryer efficiency are ( 1 2- 1 6) : 
1 .  The approach to saturation temperature in  the spray dryer. 
2. Gas inlet temperature. 
3 .  S 0 2 concentration in the inlet gas. 
4. Gas residence time in the spray dryer. 
5. S toichiometric ratio of the sorbent injected. 
6. Flyash reactivi ty. 
The approach to the saturation temperature is usually the primary control 
parameter and it is fixed by the amount of water injected. 
The obvious advantage of  this process is the dry product. which is much 
easier to handle than the sludge from the wet FGD. Other advantages are no 
requirement of reheat in most cases. and greatly reduced corrosion due to 
operation above the dew point. 
The first concened spray dryer FGD studies were done by Rockwell 
International in the 1 970s ( 1 0),  though extensive studies began in 1 977 at the 
Basin Electric Power Corporation's Leland Olds station. The process soon gained 
popularity and entered a phase of rapid growth. By 1982, 17 systems ranging 
in size from 44 Mw to 860 Mw and a total capacity of 6200 Mw were sold. Eight 
of these units were on line in late 1983 with a total capacity of 2200 Mw (2). A 
survey in 1986 ( 17) showed a total of 1 8  systems operating or planned with a 
total capacity of  7500 Mw. 
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In spite of this rapid growth, the application of spray dryer in high sulfur 
coal has been limited. Most of the above systems were used for coals with low 
sulfur content of up to 1 .5%. The reasons are as follows : 
1 .  Depending on the inlet flue gas temperature, a limited amount of 
water can be injected into the process without approaching the 
dew point. This restricts the amount of sorbent e.g. lime, that can be 
injected depending on the solubility. Thus, the capacity for S02 
removal becomes limited, especially for high sulfur coal 
applications. 
2. It has been observed that at h igh solids concentration, the utilization 
of lime decreases, further limiting the process for high sulfur 
appl i c at ions .  
In recent EPRI testing a t  the High Sulfur Test Center (18), an overall 
efficiency of 88%-94% was achieved for a flue gas containing 2500 ppm SOz at 
an inlet gas temperature of 300° F. However, the required stoichiometric ratio 
for the lime was 1 .3- 1 .4 which indicates an utilization of only 66.5%. Thus, 
though high SOz removal was achieved, the utilization was low. The details of 
the process parameters were not mentioned in the report. 
To overcome these limitations, many different approaches have been 
taken. One approach was to improve utilization by recycling of the product 
from the baghouse and the spray dryer. This was similar to the recycling in 
the wet FGD process and the purpose was to increase the overall residence time 
of the sorbent in the reactor so that full  utilization was ensured. Nakura ( 19) 
obtained 10%-1 5 %  higher S02 removal efficiency at 1 .5 stoichiometric ratio by 
recycling the baghouse product. Recycling these products with large 
quantities of fly ash resulted in 80%-92% overall removal at 1 . 6  stoichiometric 
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ratio. Klingspor (20) achieved 90% removal at a stoichiometric ratio of 1 .2 by 
grinding the product before recycling. Klingspor concluded that the grinding 
exposed the unreacted lime core inside the outer layer of solid SOz/CaO product. 
This unreacted lime. freshly exposed to the SOz after grinding. contributed to 
the additional efficiency. 
A second approach was to enhance the reactivity of the lime by special 
slaking methods. It was known that the exothermic reaction of lime and water 
during slaking actually fractured the lime particles and produced small 
panicles in the range of 3-5 microns. Since one of the major steps in the SOz 
removal was dissolution of lime into the slurry droplet prior to reaction with 
S O z .  a smaller sized particle having larger mass transfer area per unit volume 
would result in higher dissolution of lime into the reacting zone and thus 
improve the efficiency. Norman•s studies (2 1 )  showed this relationship 
between the particle size of lime in the slurry and the S02 removal which 
supponed this assumption. In the modified SPRA YMOD program developed by 
Partridge (22). the dissolution of lime appeared to be the rate determining step 
down to 1 micron Ca(OH)2 particle diameter. Below this particle size. resistance 
to gas transfer into the droplet was presumed to be the dominant resistance. 
Therefore. attempts were made to generate smaller lime particles by varying 
the slaking conditions and/or grinding the slurry. Dantaluri (23) reponed 
65% removal at 1 .  7 stoichiometric ratio when the l ime particle size was reduced 
to 2.4 micron from 3-3 .5 microns obtained from standard slaking. 
Another approach was to reduce the mass transfer resistance to the 
dissolution of lime by using addi tives instead of increasing the area/unit 
volume of the particles. Jorgensen (24) and Rochelle (25) have reponed 10%-
15% higher removal efficiencies by using organic additives like Adipic acid 
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(Hexanedioic acid) and Waste dibasic acid (DBA). A recent study by Nalco (26) 
showed 10%- 1 5% higher removal with two different types of additives. The 
chemical composition of these additives was not mentioned in the repon. 
Kaarlsson et al. (27) reponed a 90% removal at 1 .0 stoichiometric ratio and a 
maximum removal of 95% by using deliquescent inorganic salts, notably 
CaCl2, 6H20. They concluded that these salts extended the duration of the wet 
panicle stage and thus brought about higher S02 removal. 
Most of these approaches have been made in the laboratory or pilot scale 
and have not been tested in a full  scale plant. Also some of these processes 
stil l  require recycling of the product which, though easier than in the wet 
FGD systems, still has problems of it's own. 
Ammonia in Atmospheric Studies 
Ammonia is known to react with S02 efficiently and rapidly. The initial 
studies on NH3/S 02 reactions were conducted mainly to understand the 
mechanism behind the formation of atmospheric aerosols. Frieberg (28) 
studied the catalytic oxidation of atmospheric S02 in the presence of water and 
trace elements like fe+3 . The S02 formed S03 which rapidly combined with the 
atmospheric NH3 to form (NH4)2S04. Hartley and Matteson (29) conducted 
kinetic studies of NH3/S02 reactions at 230 C (73.40 F) and 100-1000 ppm S02 
concentrations. The reaction was found to be of first order with respect to each 
of the reactants and irreversible. The reaction rate and the chemical 
composition of the products were found to depend on the amount of water 
vapor present and the oxygen concentration .  The reaction rate varied between 
1 * 1 0 5 -6* 1 0 5 liters/mole-sec. Water vapor was found to be essential for the 
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reaction and the product composition depended on the relative composi tions of 
SOz ,  NH3 , HzO and to a smaller extent on the Oz . The products found at various 
conditions are shown in Tablet. 
In a laboratory experiment, Van del Heuvel and Mason (30) showed that 
though not directly taking pan in the reaction, the water vapor was acting as 
the reaction zone for NH3 and SOz. A dry mixture of SOz and NH3 in air was 
passed first through a milipore fil ter and then over water droplets. There was 
no discernible effect on the rate of formation of sulfate in the droplets found 
from earlier experiments without milipore filter. This proved that the species 
reacted only in the presence of water because otherwise the rate of formation 
would have been affected by the reduced concentration of the reactants. The 
researchers concluded that the rate determining step in the overall reaction 
was the oxidation of SOz to S04 -- in oxygenated water as follows : 
2SOz + Oz -----> ZS03 
S03 + HzO -----> H2S04 -----> 2H+ + S04--
The S04 -- then reacted with NH40H to form ammonium sulfate. 
Haber et at. (3 1 )  studied the reaction of SOz and NH3 in a gas mixture 
containing water vapor and ni trogen dioxides. From the resul ts they concluded 
that water vapor was crucial for the reactions of SOz and NOx to proceed 
rapidly and to completion. 
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TABLE 1 : Analyses of Products from NH3/S 02 Reaction per Hartley and 
Matteson ( 29) 
SERIES INITIAL REACTANT CONCENTRATION PRODUCT 
ANALYSES SOz NH3 H20 02 
·····-··· MMOL/M3 -·-·-······· 
D 27 27 682 8530 
F 20.6 47.3 668 8530 
F·1 20 .6 47.3 668 3 1 
< 02 Limiting conditions ) 
G 20.9 40.4 3 1 . 1  8530 
( H2 0 Limiting conditions 
Notes The operating conditions were as follows 
a) Reactor Temperature 
b) Inlet S02 concen tration 
c) Residence time in reactor 
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1 : 1  97% (NH4)2S04; 
3% NH4S03NH2 
2.3 : 1  1 00% (Nfl4)S04 
2 .3 :1 85% (NH3)2S02 ; 
10% N3H7S04: 
5% NH3S03 
1 .93 :1 68% (NH3)2S02 
) 20% NH3S02 : 
7% NH3S03 ; 
5% NH4N3 
23° C (73.40 F) 
1 00·1 000 ppm 
0.029·0.957 seconds 
Ammonia Systems for Flue Gas Desulfurization 
Removal of S02 from the industrial plant flue gases using NH3 as the 
sorbent have also been studied. Most of these processes used an ammoniacal 
solution though some used dry gaseous NH3 . The choice does not seem to be 
from a technical point of view. In all of these processes regeneration of NH3 
or producti on of a marketable product have been investigated. 
One of the earliest processes using ammonia as the sorbent was the Cominco 
process in which S02 from a smel ter was absorbed in an ammoniacal solution 
(32). TV A piloted a similar process on power plant stack gasses in the 1950s 
(32) .  Other similar processes that produced marketable fenilizer were in full  
scale operation on sulfuric acid plant tail gases in Czechoslovakia and Rumania 
(32) .  
A version of this process developed b y  H.F.Johnston was used in a 70 Mw 
coal fired power plant in the USSR in 1952 and operated until 1 962 (32). 
Another ammoni a  based desulfurization plant was reponed to have operated 
on a 1 5  Mw oil fired power plant at Ufa in the Ural mountains between 1968-
1972 (32). 
Kiyoura (33) proposed a process in which S02 was first oxidized to S03 at 
3 50°  C-4000 C in the presence of vanadium oxide catalyst. then reacted with 
N H  3 to form ammonium sulfate. By proper control of the reaction temperature 
between 2200 C-2600 C. pure ammonium sulfate of marketable size and 
specification could be produced and collected in a downstream paniculate 
collector. One advantage of the process was the high temperature at which the 
flue gases were discharged. This minimized corrosion and eliminated the 
requirement of reheat. The process was tested in the bench scale followed by 
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tests on a pilot plant scale. S02 removal up to 95% was achieved though the 
operating conditions of the process were not mentioned. 
Hanley and Matteson (29) mentioned two early processes in their study. 
One was the process developed by the French company Mascorrelo in which 
the flue gas was treated with gaseous NH3 and subsequently washed to remove 
93 %-97% S02 in the form of ammonium sulfate, ammonium sulfite and 
ammonium bisulfite. The spent liquor was treated to recover NH3 which was 
then recycled. The other process was developed by Caan in which S02 was 
treated with NH3 and the product was treated with either zinc oxide or an 
aqueous alkaline eanh metal. This liberated the NH3 which was then recycled. 
Shale et al. (34) conducted laboratory studies on S02 removal by ammonium 
hydroxide solution and demonstrated essential ly  complete removal of S02 from 
a simulated stack gas containing 4200 ppm of S02 . Their experiments showed 
that the speed of the reaction was enhanced by the presence of excess water 
vapor in the reacting mixture. The ammoniacal solution was injected at 300° F 
and residence time in the reactor was 3 .5 seconds. According to Shale, the 
principal reaction pathways during the removal were as follows : 
2NH3 + H20 + S03 ----------> 
NH3 + H20 + S03 -----------> 
2NH3 + H20 + S02 ---------> 
NH3 + H20 + S02 -------------> 
2NH3 + H20 + 2N02 ---------> 
2NH3 + H20 + C02 -----------> 






NH4N03 + NH4N02 
(NH4)2C03 
NH4HC03 
Baxter (35) had shown earlier that the reaction of ammonia with S03 was 
preferential to all other reactions. From his studies Shale concluded that 
reactions of ammonia with S02 and NOx was preferential to the reaction with 
COz. 
In  a follow up pilot plant scale study (36), Shale confirmed these resul ts 
with a 500 scfh flue gas generated in coal combustor. The gas was cooled to 
4000 F and passed through cyclone separators to remove fly ash. Gaseous NH3 
was injected at a temperature of 1600 F, which was the decomposition 
temperature of the principal product i.e. (NH4)2S 0 3 . The gas was then cooled to 
1 30 0 F and scrubbed with ammoniacal liquor at 130° F. Shale concluded that the 
principal products of the reaction in the temperature window of 1400 F - 158° F 
was (NH4)2 S 0 3 . Essentially complete removal was reponed with slightly less 
than the stoichiometric ratio of NH3 . The ammonia was regenerated by 
treating with a strong alkali NaOH in a downstream process and the recovered 
ammonia was recycled back to the process thus forming a closed ammonia  
loop. The spent NaOH liquor was also regenerated in another pan of  the system 
by lime and recirculated to form a closed loop. Shale also indicated that 
possibly the NH3 was not reacting with S02 entirely in the gaseous state and 
the reaction was completed in the liquid phase. The relative extent of the 
reaction in these two phases depended on the pH of the recycled scrubber 
solu tion .  
Nippon KKK started operation of  a NH3 based desulfurization process in 
1 974 on a waste flue gas from an iron ore sintering plant at the Keihin works. 
Kawasaki , Japan (32). The uni t handled 150,000 Nm3/hr of flue gas. Ammonia 
was regenerated by lime. Ammonia based fumes from the scrubber were 
reponed to be a major problem. 
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The team of Foster Wheeler and the French companies Wietram and Ugine 
Kuhlmann developed a desulfurization process with ammonia scrubbing (9). 
The process was extensively tested in the laboratory, pilot plant and 
demonstration uni t since 1964, culminating in 16  months of operation on a 
slipstream equivalent to 25 Mw capacity at Champaigne Sur Oise. France. In 
this process. NH3 gas and water vapor was injected to the hot flue gas before 
the scrubber. The reactions were found to be instantaneous at this stage with 
the fonnation of (NH4) 2S 03 . (NH4) 2S 04 and NH4H S 03 . The flue gas temperature 
and the amount of water vapor injected were not mentioned in the repon. The 
partially desulfurized gas was then scrubbed wi th recirculated ammoniacal 
liquor in two stages. This stage completed the removal of S0 2. Pan of the 
scrubbed l iquor was sent to a downstream process where the ammonia was 
regenerated by l ime. Results showed 90%-97% removal at inlet S02 
concentrations of 1 100- 1 800 ppm and ammonia regeneration was 99% 
efficient. The optimum NH3/S0 2 ratio was found to be 1 .67. Two integrated 
systems based on this process and using regeneration were planned in Japan 
in 1974, one on a Claus plant and the other on an oil refinery. 
Breed and Hollinden (3 2) reponed the results of a TVA-EPA study of 
ammonia absorption and ammonium bisulfate regeneration at the pilot plant 
at the Colbert power station. The flue gas in this process was passed through a 
venturi section where water was sprayed to saturate the gas at 1 250 F. The 
cooled and saturated gas flowed next into the absorber which consisted of 4 
separate absorbing sections. Ammonia was introduced in the second section 
(from gas entry side) by injection into the slurry recirculation tank for that 
section. Sulfur Dioxide removal of 84%-9 1 %  was reported for inlet 
concentration of 2800 ppm and gas inlet temperature of 2950 F. An 
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unacceptable plume formed downstream of the stack. I t  was concluded that 
the plume was a resul t  of the residual NH3/S 02 reaction. 
Keener (4) studied simultaneous removal of S02 and particulate matter in a 
gaseous NH3 injection system with a baghouse. Tests with 1500-2000 ppm S02 
showed a removal efficiency of 96%-99% for operating temperatures up to 
1 900 F at NH3/S02 molal ratio of 0. 70-0.75. The baghouse contributed 20%-25% 
of the removal. Between 1900 F-2600 F, the ammonia injection rate had to be 
reduced to avoid visible plumes from the stack and this resulted in  a maximum 
efficiency of 50% at a NH3/S 02 molal ratio of 0.25. In both cases, the utilization 
of NH3 was nearly 100%. Additional removal was attributed to the alkalinity of 
the fly ash. Particulate collection in excess of 99% was reponed. 
In a process developed by Illinois Insti tute of Technology (37) a scrubbing 
liquor was prepared by injection of ammonia into phosphoric acid .  This l iquor 
was then used for desulfurization. Pilot plant results showed 95%-97% S02 
removal efficiency at reaction temperature of 1 1  oo F - 1 4 8 o F for coal 
containing 6.2% sulfur. 
Trial runs for desulfurization of flue gas by ammonia i njection were made 
in 1 986 at the Danish power station Fynsvo:rket (38). The ammonia was 
injected at 2750 F and the gas was then cooled to 2300 F, before particulate 
collection in an electrostatic precipitator. It was found that though the S02 was 
removed to some extent, no products were collected in the ESP. I t  was assumed 
that the products did not condense at that temperature and so passed through 
the ESP uncollected. A second trial was made with the flue gas temperature 
lowered to 1 76° F- 1 850 F. This resulted in condensation of one of the products 
i .e. (NJ4)2S 04 , but other products appeared to have been passed through the 
ESP again. This was concluded from a sulfur mass balance over the system. 
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Efficiencies of 70%-88% were reported at NH3/S 02 molal ratios of 1 .9-3 .5 and 
reaction temperatures of 1730 F- 1 830 F. The inlet S02 concentration was 460-
590 ppm. Further study in 1 987 (39) showed the importance of temperature in 
the reaction. The efficiency increased 2-3 fold when the reaction temperature 
was lowered from 2300 F to 1 800 F. A molal NH3/S02 ratio of 1 .75 was identified 
as the optimum under those test conditions. 
It is important to note that in all these studies NH3 was used as the only 
sorbent for the desulfurization. Also, except Keener (4), Kiyoura (33), and the 
Danish trials (38), all other studies involved scrubbing with ammoniacal 
solution. In the cases of the Keener (4) and Danish trials (38), plumes were 
observed when NH3 was injected at higher than 2500 F. The removal 
efficiencies obtained at these NH3 injection temperatures without the plume 
was 50-60%. Kiyoura (33) used a catalyst for the desulfurization by NH3 . 
Ammonia Systems for Simultaneous S02./NOx Remoyal 
Ammonia has been also considered for simultaneous removal o f  S02 and 
NOx, and a number of such processes have been tested. One such process is the 
AVCO-EBARA EBeam dry scrubbing developed by Avco-Everett research 
laboratory and the Ebara corporation (40). The process has been tested in 
laboratory scale and a 6000 scfm pilot plant but not on a full scale boiler. Most 
of  the testing took place in Japan between 1970- 1978. In this process the fly 
ash was first removed in a particulate collector and the gas was cooled down to 
200° F upstream of the scrubber. Ammonia gas was injected into the flue gas in 
the cooling zone. The cooled gas flowed into a reactor in which electrons were 
generated by irradiation. The electrons in the presence of NH3 converted the 
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S 02 into a dry powdered product comprised of (NH4)2S 04 and 
( N H4)2S 04. N H4N 0 3 , which was subsequently collected in a particulate 
collector. NOx removal was >85% and essentially 1 00% S02 was removed at 
reaction temperatures of 160° F- 1 620 F. The concentration of NH3 in the 
exhaust was found to be less than 20 ppm. It was also calculated that 2 moles of 
ammonia was required for each mole of S02 removed. The chemistry of the 
process was quite complex but it was postulated that the electrons excited the 
gas molecules resulting in generation of free radicals which were capable of 
oxidizing S02 and NOx to H2S 04 and HN03 respectively. These acids then reacted 
with ammonia to form ammonium sulfate and amonium nitrate sulfate. High 
operating and capital costs of the E-Beam generator and issues related to safety 
have limited the use of this process. 
With some variation to the Ebara process, simultaneous S02, NOx removal 
via Combined Plasma Photolysis (CPP) has been proposed by Rood and Kushner 
(41). In this process, pulsed transversely excited atmospheric discharges 
fol lowed by UV radiation generates OH- radicals which combine with S02 and 
NOx to form H2S 04 and HN03 respectively. These acids then react with gaseous 
ammonia in a reaction chamber to form ammonium sulfate and ammonium 
nitrate sulfate which can be collected in a downstream particulate collector. It 
is anticipated that this process will have lower operating and capital cost and 
also provide higher safety than Avco-Ebara process. However, this process is 
currently at the conceptual stage. No testing has been conducted. 
Ammonia has been also used in a selective catalytic reduction (SCR) process 
(42) at three plants in Japan. In the SCR process, ammonia selectively reduces 
NOx to N2 in the presence of a catalyst. Sulfur Dioxide is removed from the gas 
in a downstream wet FGD. Slight leakage of NH3 from the SCR unit to the wet 
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FGD had been found to be beneficial to the S02 removal . No plume problems 
characteristic of ammonia systems were observed. 
A similar process developed by Pittsburgh Energy Control Center ( 43 ) used 
CuO as the catalyst for conversion of S02 to CuS04, which then served as the 
catalyst for the selective reduction of NOx to N2 by NH3 . S02 removal of 70%-
90% and NOx removal of 92%-94% have been reported with inlet 
concentrations of  2280-3 100 ppm S02 and 500-520 ppm of NOx respectively. NH3 
leakage up to 12 ppm was measured but no NH3/S 02 product was found 
indicating no reaction between these species at the high operating 
temperature of 7500 F-8 600 F. An EPA study concluded that at lower 
temperature regions downstream of air preheaters, (NH4)2S 04 could form as it 
was thermodynamically favored over the other probable reaction product 
Nfi4HS04 (44). 
Ammonia as a Conditioning Agent in Paniculate Removal 
Ammonia bas been also successfully used as the conditioning agent in 
improving the particulate collection characteristics of fly ash in electrostatic 
precipitators and baghouses. In a TV A study involving electrostatic 
precipitator ( 45), ammonia appeared to have enhanced the space charge 
component used for charging and precipitating fly ash particles .  In addition, 
there appeared to be increased cohesiveness of the precipitated fly ash and a 
reduction in the quantity of fly ash reentraincd during rapping. Conditioning 
with 10-20 ppm ammonia increased ESP efficiency by 8%-12%. Similar results 
were also reported by Baxter (35). 
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A study at the University of North Dakota Energy Research Center (46) 
showed the penetration in a baghouse decreased by a factor of 15-400 by using 
12 ppm S03 and 45 ppm NH3 ammonia as conditioning agent. The baghouse was 
operated at 3000 F with an air to cloth ratio of 8 :1 cfm/ft2. 
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Ov erv i ew 
4. DESCRIPTION OF EXPERIMENTAL FACILITY 
Figure 3 is a schematic diagram of the pilot plant which was used in this 
test program. The pilot plant was constructed on a sidestream of the University 
of Tennessee's three "Riley" stoker fired boilers. The boilers rated for 50.000 
lbs/hr steam generation used low sulfur coal as fuel. The boilers are used for 
supplying steam to the University. 
The flue gas from the combustion chamber flowed into a multiclone 
precollector and then into an electrostatic precipitator (final collector) for 
removal of paniculates. The flue gas was then discharged to the atmosphere 
through a 300 ft. chimney. There was no flue gas desulfurization system for 
these boilers . 
Eight inch diameter steel ducts were provided on the outlet duct of each 
boiler between the multiclone and the electrostatic precipitator to withdraw 
the gas to the test facility. Since all three boilers did not operate at the same 
time. provision was made to allow isolation of the idle boiler to prevent cooling 
of the flue gas. 
The flue gas flowed out of the boilers at a temperature of 475° F-525 °  F and a 
S 02 concentration of 300-600 ppm. These parameters were modified upstream 
of the spray dryer to the required inlet conditions of 3000 F and 2000/3000 ppm 
sulfur dioxide concentration in a gas conditioning zone. which was a length 
of approximately 100 ft of eight inch diameter duct between the boiler flue gas 
outlet and the inlet of the spray dryer. This duct was insulated by four inch 
fiberglass insulation to minimize the heat loss. 
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Figure 3 : Schematic Diagram of the Pilot Plant at University 
of Tennessee, Knoxville 
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A battery of five cylinders of liquid S02 supplied the supplemental S02 
required to achieve 2000/3000 ppm inlet concentration in the test gas. The 
supplemental S02 flowed through a 1/2" diameter heat traced flexible teflon 
tubing and was injected through a 1/2" diameter pipe nozzle. A control valve. a 
rotameter, and a pressure gauge were provided in the S02 injection line to 
monitor and control the flow of the gas. 
The flue gas temperature was controlled by mixing wi th cooler ambient air 
introduced through a pneumatically opera ted dilution air valve. At  times, 
when the boilers were not running at full  load, the flue gas needed to be 
heated and this was done by an in-duct electrical cal-rod heater. Both the 
dilution air valve and the heater were controlled from the main control room. 
A calibrated orifice plate was located downstream of the dilution air valve 
and the heater to moni tor the volumetric flow rate of the test flue gas. Static 
pressure taps from the orifice plate were taken to the main control room 
where the v alue was continuously checked against a calibration chan 
prepared previously for the test condition. 
The conditioned test gas flowed into a 7' diameter spray dryer fitted with a 
variable speed Stork-Bowen AA-6 spray machine and a 6" diameter centrifugal 
atomizer with 6 nozzle insens. A chain sprocket driven, motorized rotary valve 
at the bottom of the spray dryer discharged the product from the spray dryer. 
The gas from the spray dryer flowed into a high ratio pulse jet cleaned 
baghouse. The baghouse had 36 numbers of 10' long by 4 1/2" diameter 
fiberglass bags which were cleaned by shon bursts of compressed air at 10-1 3 
psig. Each row of bags was sequentially cleaned and the cycle time and the 
pulsing times were controlled automatically by an adjustable timer. In this test 
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program. the baghouse was operated without cleaning for the entire period of 
each test. after which the bags were cleaned in an off-line mode. 
The test gas flow was created by a centrifugal fan located downstream of 
the baghouse which developed the necessary suction in the system. After the 
baghouse. the test gas was discharged to the atmosphere through a 80' tall 
c h i m n ey .  
Ammonia Injection Subsystem 
N H 3 gas was injected into the system just upstream of the spray dryer 
through a 1" diameter pipe nozzle. The gas was supplied from a liquid NH3 
cylinder through 1/2" I D  special rubber tubing. A control valve in the line 
was used to adjust the flow rate. The temperature. pressure. and the flowrate of 
N H 3 was measured just upstream of the injection point. A rotameter 
specifically calibrated for NH3 gas was used for the flowrate measurement. 
Lime Slurry Handling Subsystem 
Dry powdered quick lime of 10 mesh size was obtained from Tenn-Luttrel 
Lime Company. For each test. fifty pounds of the dry powdered lime was 
weighed and dumped into a slaking tank containing approximately 20 gallons 
of water at a temperature of 1350 F- 1 450 F followed by the exothermic 
hydration reaction. Both the temperature rise rate and the peak temperature 
were noted for 3-4 minutes. An adequately reactive lime would have a 
temperature rise of 100 F-75 ° F in the first 30 seconds . and a peak temperature 
of 2 12° F in about 1 -2 minutes. This slaking produced a slurry of 2.25 -2.30 
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lbs/gallon of solids concentration as CaO. The slurry was cleaned from grits 
and dirt by recirculating through a coarse and a fine screen in series. Potable 
water was then added to the slurry to dilute to the desired concentration for 
the test. Since periodic checks during earlier tests showed no carbonates in 
the quick lime, a single end point titration with 3.0 N hydrochloric acid and 
phenolpthalene indicator was done to obtain the final lime concentration for 
each test. 
When the slurry of proper concentration was prepared, recircul ation 
between the slurry holding tank and the spray dryer was initiated by a 
positive displacement pump. Continuous recirculation of the slurry was 
required to maintain sufficient velocity in the slurry line to prevent the solids 
from settling and clogging the lines. 
To maintain the desired stoichiometric ratio, the slurry was pumped into a 
final mixing tank at a controlled rate which was metered. The slurry was 
pumped from this tank to the atomizer at a controlled but higher rate which 
was also metered. The difference in these rates was the cooling water which 
flowed into the mixing tank from a makeup water line controlled by a float 
valve. This method ensured individual control of the cooling water and slurry 
flow rates into the system allowing each test to be conducted at a constant 
stoichiometric ratio and constant approach to saturation. Stirring was 
provided in the final mixing tank to avoid settling of the slurry. 
Dust Handling Subystem 
No dust recycle was used in this test program. The dust was allowed to 
accumulate both in the hoppers of the spray dryer and the baghouse, and on 
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the bags during each test. At the end of the test, the bags were pulse cleaned 
and the collected dust was removed by running the rotary dust discharge 
valves. Samples of dust were collected for each test both from the spray dryer 
and the baghouse for future analysis. Effons were made to clean the the spray 
dryer and the baghouse thoroughly to avoid cross contamination of the 
products of successive tests. 
Control of Process Parameters 
The test conditions at the inlet of the spray dryer were maintained as 
follows 
1 .  The required flow of 1000 acfm of the flue gas was maintained by 
adjusting the fan inlet damper. 
2. The required temperature of 3000 F of the flue gas was achieved by 
controlling the dilution air damper or the in-duct electric heater as 
the situation demanded. 
3. The required S02 concentration of 2000/3000 ppm was maintained 
by adjusting the control valve on the supplemental S02 injection 
l in e .  
4. The NH3 flowrate was controlled by a control valve on the ammonia 
injection l ine. 
S. The required approach to saturation was achieved by adjusting the 
flowrate of the slurry from the final mixing tank. Since the slurry 
flowrate into this tank from the recirculation line was maintained 
constant, only the dilution water flow to this tank changed to make 
up for the adjustment and this adjusted the approach to saturation. 
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Process Monitoring and Instrumentation 
The major process variables namely, temperature, static pressure, and S02 
concentration were continuously or sequentially monitored at three locations 
in the system. These locations were selected so that either the spray dryer or 
the baghouse or the total system removal efficiencies could be obtained from 
the data. These locations were 
1 .  At the inlet o f  the spray dryer. (Port#l )  
2. Between the spray dryer outlet and the baghouse inlet (Pon#2) 
3. After the baghouse (Port#3) 
The temperatures were measured continuously by 8"  long thermocouples. 
The stem of the thermocouples were inserted into the duct through a 1 "  
diameter p ipe n ipple. The output from the thermocouples were fed into a Leeds 
& Northrup temperature recorder which recorded the temperatures 
continuously. Stat ic pressures were measured by magnehell ic gauges 
connected to the sampling pons by l /4" polyethylene tubing. The readings 
from the individual gauges were recorded during each test. 
The S02 concentration at each port was measured by a TECO Model 40 
continuous emission monitor coupled with a TECO Model 900 gas conditioner 
box. The sample gas was extracted from the flue gas by a teflon coated 
d iaphragm type pump through heat traced 1/4" teflon tubing. The sample gas 
then flowed into the gas conditioner box in which the particulates were 
filtered out and the gas was diluted by a predetermined ratio with dry 
compressed air. This was necessary to depress the dew point of the gas and 
avoid acid condensation inside the analyzer. A flow switching box permitted 
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switching between the sampling lines, thus allowing the S02 concentration at 
different ports to be measured by the TECO analyzer sequential ly. 
In addition to the above process variables, the flowrates of the test gas, the 
Ca(O H )2 slurry, and the NH3 gas were recorded for each data point. The test gas 
flowrate was measured by a calibrated orifice meter. The Ca(OH)2 slurry was 
measured by three different methods. One method was by measuring the 
percent deflection of a calibrated flow recorder connected to a magnetic 
flowmeter installed in the slurry line to the final mixing tank. The second 
method was by measuring the change in the liquid level in the slurry 
recirculation tank over a period of time and converting this to an average 
flowrate over that time period. The third method involved real time 
measurement of the flowrate for one minute by taking the output of the slurry 
pump into a graduating cylinder for a period of one minute. The first method 
was found to be unreliable, especially at high slurry concentrations. 
Therefore, results from methods 2 and 3 only were considered in computing 
the stoichiometric ratio . 
At least once during each test, the following parameters were checked and 
recorded 
1 .  Ambi ent  temperature. 
2. Ambient pressure. 
3 .  Final concentration of  CaO in  the slurry, by  titration. 
4. Wet bulb temperatures at the Pons 1, 2, and 3 , by a wetted sock 
t herm o m et er .  
S.  Speed of the atomizer. 
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5. TESTING METHODS 
Quality Control and Calibration 
In any experimental study, the imponance of quality control and 
calibration of instruments can not be overemphasized. Regular quality control 
gives credibility to the data, from which definite conclusions can be made. 
During the above tests therefore periodic quality control checks and 
instrument calibrations were carried out. 
The TECO S02 analyzer was calibrated daily with certified calibration gas. A 
leak check across the system was conducted daily to detect ambient air 
infiltration which would affect the S02 readings at pons 2 & 3 . The leak check 
was conducted as follows. Supplemental S02 was injected into the hot flue gas at 
3000 F. The S02 concentration at pons 1 ,2, and 3 were measured by the TECO 
analyzer without injecting either cooling water or Ca(OH)2 slurry. Since no 
S 02 removal was anticipated by any reaction at these conditions, a drop in S02 
concentration between pons 1 and 2 indicated a leakage in the spray dryer. 
Similarly, a drop in S02 concentration between pons 2 and 3 indicated a 
leakage in the baghouse. In most cases no leaks were found. Sometimes leakage 
occurred through the rotary dust discharge valves.  The outlets of these valves 
were blanked off by metal plates and gaskets which eliminated the leak in 
most cases. However, if a small leak persisted, the S02 concentrations and 
removal efficiency calculations were corrected before analyzing the data. 
The reactivity of the quick lime was also checked daily by recording the 
temperature rise rate and the peak temperature during slaking. An adequately 
reactive lime showed a temperature rise of 100 F-7 5 °  F during the first 30 
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seconds of slaking and a final peak temperature of 2 1 20 F in about 1 ·2 minutes. 
If these criteria were not met, that panicular slake was discarded. 
Every two weeks or more frequently, as needed,  the sample gas extraction 
lines were checked for leakage. To check the leakage, the sample pump was 
turned on and the other end of the sample line was sealed off. The outlet of the 
pump was then immersed into a beaker of water. A completely l eakproof line 
showed no bubbles in the beaker. Whenever a l eak was observed, it was first 
rectified before taking additional data. 
The thermocouples were also checked every three weeks. These were 
checked against a mercury thermometer and in case the reading differed by 
more than ±. 1 op, the thermocouple error was rectified. The most common 
reason for thermocouple malfunctioning was found to be either loose 
connections or deposits on the connections. 
Every two months the orifice plate was checked against a velocity traverse 
done with a calibrated pitot tube. During this traverse, the temperature 
conditions were held the same as in the tests. Results from these calibration 
tests were used to calculate the gas flowrate. 
Test Matrix 
The tests were carried out in three stages. In the preliminary stage, 
baseline removal data were obtained separately for Ca(OH)2 slurry and NH3 . 
These data provided baseline removal curve at various stoichiometric ratios. 
These tests were necessary for three reasons as follows : 
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1 .  To provide a basis for comparing the incremental removal 
efficiency achieved with combined injection at various 
stoic hiometric ratios. 
2. To determine the overall stoichiometry for the NH3/S 02 reaction. 
This was necessary as the exact reaction pathway was not known 
with certainty .  
3. To provide a basis to check the anticipated competition between CaO 
and NH3 to react with S02 in a combined injection system. 
In the second stage, the performance of the combined injection system at 
three different baseline Ca(OH)2 stoichiometric ratios supplemented by 
varying NH3 stoichiometric ratios were examined. The purpose of this stage 
was twofold : 
I .  To check whether individual reactions of Ca(OH)2 and NH3 with S02 
were complementary so that the overall utilization of the combined 
system could be obtained from the efficiencies and stoichiometric 
ratios of the individual systems. This would also indicate if there was 
any competition between the two sorbents for reaction with S02. 
2. To obtain an optimum Ca(OH)2/NH 3 ratio which would yield a 90%+ 
S 0 2 removal efficiency at the lowest combined stoichiometric ratio 
and consequently highest overall sorbent uti lization. 
In the third stage of tests, the optimum condition obtained from stage two 
was tested for an extended period of time to verify the repeatability of the data. 
All the tests were conducted at an approach to saturation of 300 F at pon 2, an 
inlet flue gas temperature of 3000 F and a flue gas flow of 1000 acfm at the inlet 
of the system. 
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Data Reporting 
Each test involved recording of various process parameters at every 1 5  to 
20 minutes interval. All data were taken after the system had come to 
equil ibrium with respect to gas flow. temperature and sorbent injection rate. 
Thus all the data reported in this paper refer to steady state condition of the 
p rocess .  
Following eight parameters were recorded on the data sheets for each test 
run before starting to take data for individual test run 
I. Ambient barometric pressure - PBAR 
2. Ambient temperature - TAMB 
3 . Wet bulb temperatures at ports 1 .2. and 3 - TWI.TW2.and TW3 
4. Calcium oxide concentration in the slurry - SLC 
5. Rotating speed of the atomizer - RPM 
6. Ambient air infiltration into the system - LKRT 
Each data represented a steady operation of the system for about 20 
minutes. This time represents the minimum time required by the TECO 
analyzer to determine the S02 content in the sample from ports 1 .2 .and 3 and 
report these on the strip chart recorder. During this time. which represented 
one data point. following fifteen process parameters were recorded 
1 .  Temperatures at pons 1 .2.and 3 - Tl. T2. and T3 
2. Static pressures at pons 1 .2. and 3 - SPI. SP2. and SP3 
3. Flowrate. temperature and pressure 
of the NH3 injected 
4. Orifice plate readings before and after 
the system 
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- FNH. TNH. and PNH 
- OPt and OP3 
5. 
6. 
Flowrate of Ca(OH)2 slurry to the atomizer 
S 0 2 concentrations at pon 1 ,2, and 3 
- GPM 
- S 1 ,S2, and S3 
Since only one S02 analyzer i.e. TECO model 40 was used, the S02 
concentration readings at ports 1 ,2 , and 3 were taken sequentially. Finally the 
TECO was switched again to port 1 to ensure that the inlet S02 concentration did 
not change appreciably within this sampling time. 
A computer program SPRAYDRYER W/FILE/13 running on Apple II plus 
was used for all calculations using the collected data as the input. For the 
purpose of this study, the following results were obtained from the computer 
program and recorded. 
1 .  Actual flow of the test gas at port 3 - ACFM3 
2. Test gas flow at standard conditions at 









Temperature at port 1 corrected for 
leakage, if any 
S 0 2 concentration at port 1 corrected 
for leakage 
Spray dryer efficiency 
Overall system efficiency 
Stoichiometric ratio of CaO 
Stoichiometric ratio of ammonia only 
Moisture content of flue gas at ports 
1 ,2, and 3 
Combined sorbent stoichiometric ratio 
1 1 .  Approach to saturation temperature at 
port 2 
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- BW1, BW2, and BW3 
- CSR 
- DT2 
A sample test data sheet is shown in Appendix B 1 .  Both the input and output 
data of the tests were stored in various files using Macwrite software in the 
Macintosh Plus. A different file name was used whenever there was a change 
in either the inlet S02 ppm or the sorbent. 
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6. RESULTS AND DISCUSSION 
Spray Dtyer Testing for SO? Removal 
The tests were conducted in three stages. In the first stage, baseline 
removal of S02 was obtained both with Ca(OH)2 slurry and NH3 separately. One 
other purpose of this stage was to evaluate the stoichiometric ratio of the 
N H3/S 02 reaction. In the second stage, combined Ca(OH)2 and NH3 injection 
tests were conducted at various ratios to evaluate combined stoichiometric 
requirements. In these tests, the Ca(OH)2 slurry input was held at a constant 
flowrate and NH3 injection rate was slowly increased stepwise until either 90% 
S 02 removal was achieved or a visible plume was observed at the stack 
indicating that breakthrough of the NH3/S 02 reaction had occurred. The 
C a ( O H ) 2 slurry concentration was then changed to a different constant value 
and another series of NH3 tests were conducted. From the results of the above 
tests, an optimum ratio of Ca(OH)2 and NH3 was chosen, which could achieve 
90% S02 removal at the best overall sorbent utilization. The thi rd stage tests 
were conducted at this optimum condition for an extended period to 
demonstrate repeatabil ity of the results. 
The following standard operating conditions were maintained during all 
the above tests: 
1 .  Inlet gas temperature o f  300 + 100 F. 
2. Inlet gas flow of 1000 ±. 100 acfm. 
3. Inlet S02 concentration of 3000 and 2000 ppm separately. 
4. Approach to saturation at the spray dryer outlet of 30 ±. 20 F. 
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Each of the test points reponed herein represents data obtained during a 
steady state operation of the system for 15-20 minutes. 
The reaction between Ca(OH)2 and S02 is such that one mole of Ca(OH)2 is 
theoretically required to react with one mole of S02 . The stoichiometric ratio 
(SR) is defined as the number of moles of CaO or Ca(OH)2 actually present to the 
theoretical number of moles of CaO required to react with all the S02 . 
Stage 1 Tests 
The results of the baseline tests with Ca(OH)2 slurry are shown in Figures 4 
and 5. The results shown in Figure 4 indicate that the removal efficiency was 
only 43% across the spray dryer at 1 .0 stoichiometric ratio and 2790-3 100 ppm 
inlet S02 concentration. The fabric filter contributed 1 0 %  additional removal 
and thus the overall removal was 53%. This corresponds to an overall 
utilization of 53 % at 1 .0 stoichiometric ratio. 
The removal efficiency was slightly higher for the 2000 ppm S02 inlet 
concentration tests as shown in Figure 5. The spray dryer and system 
efficiencies were 50% and 60% respectively at 1 .0 stoichiometric ratio 
corresponding to an overall utilization of 60%. These results were quite 
consistent with the data reponed in the literature (3 ,8) which indicated spray 
dryer efficiencies of 40% and 53% respectively for 3000 ppm and 2000 ppm 
inlet S02 concentrations at 35° F approach to saturation at 1 .0 stoichiometric 
ra t i o .  
Considering the results o f  Figures 4 and 5 as representative, two imponant 
conclusions can be drawn. Firstly, the utilization of lime is low at high S02 
concentrations and decreases further with higher concentrations. Secondly, 
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Figure 5: Perfonnance of the Spraydryer and System In Only Lime Injection Mode 
at 1 800 - 21 00  ppm 
the utilization decreases at higher stoichiometric ratios with the overall 
system efficiency reaching a maximum value of 55%-60% and 65%-70% for 
3000 ppm and 2000 ppm respectively at stoichiometric ratio above 1 .5. The 
reasons for this are presumed to be as follows : 
1 .  Water i n  the droplets act as the reaction zone into which S02 enters 
by diffusion and lime enters by dissolution. At high stoichiometric 
ratio, the average viscosity of the droplet is increased; This increases 
the mass transfer resistance in this medium. Thus there is less 
availability of the reactants resulting in lower removal. 
2. In the various models (47,48) dealing with absorption of S02 in lime 
slurry, the bulk of the S02 removal is considered to take place in the 
wet particle stage (i .e. constant rate drying period). Once the water 
on the surface evaporates and the individual Ca(OH)2 panicles in the 
slurry touch each other, the diffusion paths become restricted. This 
affects the mass transfer rate and slows the overall absorption 
process considerably. Thus at higher stoichiometric ratio, as the 
constant rate period becomes shorter, overall absorption decreases 
resulting in lower uti lization. 
These phenomena clearly limit the application of once through Ca(OH)2 
based spray dryer systems for high sulfur coals. 
Figures 6 and 7 show the performance of the NH3 only system for 3000 ppm 
and 2000 ppm Inlet S02 concentrations respectively. The NH3 was injected in 
the gaseous state just upstream of the spray dryer where the entering flue gas 
temperature was approximately 300° F. Cooling of the flue gas was 
accomplished by injecting water into the spray dryer through the atomizer. 
This cooled the 
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Figure 7: Perfonnance of the Spraydryer and System In Only Ammonia Injection Mode 
at 1 865 - 2070 ppm 
flue gas to an approach of 300 F at the outlet of the spray dryer. 
The following imponant conclusions were drawn from these tests: 
1 .  The overall molal ratio of the reaction between S02 and NH3 under 
these test conditions was observed to be approximately 2 : 1 .  This was 
obtained by equating the moles of S02 removed from the test flue gas 
with the total moles of NH3 injected, since no NH3 was detected at 
pon 3 . 
Figures 6 and 7 show the results of efficiency versus stoichiometric ratio of 
based on a 2: 1  molal ratio of NH3 and S02. Both these figures show nearly 1 00% 
conversion at all the stoichiometric ratios tested. Thus, an ammonia 
stoichiometric ratio (ASR) of 1 .0 represented injection of 2 moles of NH3 for 
each mole of S02 present in the flue gas. This ratio was used in computing the 
combined stoichiometric ratio (CSR) in case of the combined injection system. 
This information on the molal ratio of the NH3/S 02 reaction was considered 
to be very important for the process as this y ielded important information on 
the nature of the product formed and also determined the NH3 requirement for 
a desired S02 removal. The molal ratio obtained in these tests was found to be in 
agreement with those mentioned by following researchers. Shale (36) 
reponed that the temperature of the reaction had an important bearing on the 
products formed; Below 1 60° F. the products were predominantly ammonium 
sulfite indicating a 2: 1  NH3/S02 molal ratio. However, ammonium bisulfite 
could also form to some extent in which case the the molal ratio would be 1 :  1 . 
. \ 
Hanley and Matteson (29) reponed that at 23° C and in the presence of a large 
amount of water vapor and oxygen, the reaction products were found to be 
100% (NH4)2 S 04 indicating a 2: 1  molal ratio for the reaction. In the Foster 
Wheeler Weitram Ugine Kuhlmann (9) process the optimum ratio of the 
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NH 3/S02 was found to be 1 .67 and the product was a mixture of ammonium 
sulfate, ammonium sulfite and ammonium bisulfate. Though the trials at the 
Danish power station (3 8,39) were not comprehensive, the data showed S02 
removal of 88% at an NH3/S 02 molal ratio of 1 .75: 1 with no significant 
ammonia breakthrough at a reaction temperature of 1 800 F. This also suggests 
approximately a 2: 1  molal ratio. In a 6000 scfm pilot plant testing, the Avco­
Ebara corporation reported (40) that 2 moles of NH3 were required for each 
mole of S02 removed. These tests were conducted at 1 600 F-1620 F. 
However, the results of this study were not totally consistent with the 
findings of Keener (4), who reponed a molal ratio of 1 : 1  for the NH3/S02 
reaction. While the reasons for this difference are not known at  this time, 
certain differences in the tests conditions can be highlighted. In Keener's 
study, the flue gas was cooled through radiant heat loss unlike the present 
tests in which evaporative cooling was used. Thus the moisture contents of the 
two tests were different . Further, the residence time of the gas in the reaction 
zone was an order of magnitude higher in the case of Keener's tests. 
2. The utilization of NH3 was 1 00% up to a stoichiometric ratio of 0.4-
0.45 based on 2: 1  molal ratio of the reaction. Above this 
stoichiometric ratio, NH3 was detected at the outlet of the baghouse 
as shown in figures 6 and 7. 
The baseline tests indicated that neither of the individual systems using 
only Ca(OH)2 or only NH3 could achieve the desired S02 removal efficiency of 
90% . Also, the utilization of the Ca(OH)2 decreased substantially at 
stoichiometric ratio greater than 0.6-0.7. The NH3 system was limited due to 
the NH3 breakthrough above a stoichiometric ratio of 0.45. 
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Stage 2 Tests 
These results strongly pointed to a combined Ca(OH)2/N H3 injection system. 
It was anticipated that a Ca(OH)2 injection system (0.6-0.8 stoichiometric ratio) 
contributing to a S02 removal of 50%-60%, coupled with supplemental NH3 
injection for the balance of the S02 removal (30%-40%) would prove to be 
feasible. In this way both the systems would operate at their best utilization 
conditions resulting in improved overall sorbent utilization. 
At the onset of these tests it was felt that the assumption of a combined 
sorbent system, in which the stoichiometric ratios and the efficiencies are 
simple additives of the individual sorbent systems, might not occur due to 
certain mechanisms occurring in the combined process. One of these 
mechanisms was proposed to be the possible interference of the NH3/S 02 
reaction products in the reaction zone. A second mechanism was the possible 
competition of these sorbents to react with S02. It was also possible that the 
N H 3 /S 02 reaction products could funher react with lime and reduce the lime 
availability in the reaction zone for S02 . It was therefore decided to test the 
combined sorbent system at three different baseline Ca(OH)2 stoichiometric 
ratios with supplemental NH3 addition to achieve the desired 90% overall 
e ffic iency . 
Figures 8 and 9 show the results of the spray dryer and the system 
respectively for 3000 ppm inlet S02 concentration. Figures 1 0  and 1 1  show the 
similar data for a 2000 ppm inlet S02 concentration. As mentioned earlier, in 
the case of the combined injection system, the combined stoichiometric ratio 
(CSR) was calculated as 
CSR = SR + ASR 
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In this manner a combined stoichiometric ratio (CSR) of 1 .0 implied that 
theoretically there was enough Ca(OH)2 and NH3 present to react with all of 
the inlet S02 . This method permitted comparison of the util ization between 
single sorbent system and the combined system as the stoichiometric ratios 
were calculated on a common basis. 
Figure 9 shows that the combined system can achieve the desired 90% S02 
removal with a very good overall sorbent utilization ranging between 95%-
99% at a baseline Ca(OH)2 stoichiometric ratio of 0.5-0. 7 for 3000 ppm inlet S02 
concentration. The ratio of the two sorbents i .e. Ca(OH)2 and NH3 seemed to 
have an effect on the combined sorbent utilization. Thus, in the combined 
injection tests and at 90% overall efficiency, the combined sorbent utilization 
was 95% for baseline Ca(OH)2 stoichiometric ratio of 0.7, which decreased to 
72% at baseline Ca(OH)2 stoichiometric ratio of 1 .0. One of the reasons for this 
decrease in utilization is the lower utilization of Ca(OH)2 at higher 
stoichiometric ratio for reasons stated earlier. Funher testing is required to 
understand whether this was also due to any significant interaction between 
these two competing sorbents. 
In stage 1 and 2 tests, it was observed that a white visible plume, 
characteristic of NH3 breakthrough, occurred when either the NH3 injection 
was attempted above 0.45-0.5 stoichiometric ratio in the NH3 only system or 
when more than 95% removal was attempted in the combined systems. Figures 
6 and 7 (p 46-47) show these data points in which NH3 breakthrough occurred 
at ASR of 0.48 and 0.53 respectively and system efficiency of >50%. The data 
points showing >95% removal efficiency in Figures 9 and 1 1  also had NH3 
breakthrough. The plume disappeared as soon as the NH3 injection rate was 
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decreased indicating that the system could easily be operated without a visible 
plume at 90% overall S02 removal efficiency. 
The effect of injecting NH3 just before the baghouse was also checked in a 
combined sorbent injection test. It was expected that injecting NH3 upstream 
of the spraydryer would result in better pcrfonnance of the overall system 
than injecting NH3 downstream of the spraydryer. In the fonner case, the 
initial concentration of the reactants i .e. NH3 and S02 would be higher at the 
time of reaction, which should result in higher rate of reaction for this  gas 
phase reaction. Assuming that this gas phase reaction is fast enough so that it 
is completed before the lime injection, the Ca(OH)2 slurry would then be 
exposed to a lower S02 concentration. This should improve the uti lization of 
Ca(OH)2. 
The performances of the system for these two different locations of NH3 
injection are shown in Figure 1 2. The difference in the performances in these 
two tests was quite small and was probably due to experimental error. This lack 
of expected trend was possibly due to the fact that NH3 was injected at 3000 F, at 
which temperature the maximum possible S02 removal was only about 50% as 
reponed by Keener (4). Total S02 removal was obtained by Keener (4) only 
after cooling the NH3 and the flue gas to a temperature of 1 800 F or lower. So. 
when the NH3 was injected before the spraydryer, the reaction was only 
panially completed before the S02 was exposed to the Ca(OH)2 and thus the 
utilization of Ca(OH)2 did not show any substantial improvement. The NH3/S02 
reaction was completed only after cooling the gases to less than 1 800 F.  The 
overall perfonnance of the system was thus not affected to any significant 
degree. 
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Figure 1 2: Overall Perfonnance of the System for Different Locations of Injection of 
Ammonia In Combined Injection Mode at 1 880 - 2120 ppm 
From these shon term tests therefore, it could be concluded that both 
locations for injection of NH3 was feasible for meeting the objective of the 
project. Funher testings are required to study the ramifications of injecting 
the NH3 at different locations of the system. 
Stage 3 Tests 
Based on the stage 2 tests, it was decided to conduct the extended test at a 
baseline Ca(OH)2 stoichiometric ratio of 0.7-0.8 with supplemental S02 
injection to achieve 90% removal efficiency without a plume. This testing was 
carried out for more than 7 hrs at stable conditions over two consecutive days. 
The results shown in Figure 1 3 confirmed that 90% S02 removal efficiency was 
achieved at an average combined stoichiometric ratio of 0.97. The 
contributions of the spray dryer and the baghouse were 79% and 1 1 %  
respectively. The test conditions were 1 040-1 100 acfm of the flue gas with 
2600-3000 ppm of inlet S02 at 2850 F-3 100 F and 300 ± 20 F approach to 
saturation at the outlet of the spray dryer. The average overall sorbent 
utilization was 9 1 .6% and the range was 85.6% to 99% at varying baseline 
Ca(OH)2 stoichiometric ratio of 0.7-0.8. There was no visible plume. 
The results were consistent with the findings of stage 2 tests with respect to 
the efficiency achieved. These results clearly demonstrated the technical 
viability of the process at the pilot plant scale to achieve or surpass EPA 
regulations for medium to high sulfur coals with a dry FGD system. 
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Figure 1 3: Overall Perfonnance of the System During the Demonstration Tests 
In Combined Injection Mode at 2600 - 3000 ppm 
Particle Size Analyses 
It was reported in the literature that the NH3/S 0 2 reaction produced very 
fine particulates in the range of 0.2-2 microns (4,5 ,29,30,36). One primary 
concern in the combined injection tests was therefore the possibil ity of 
blinding of the filter bags and the consequent high pressure drop that could 
result. During the test program researchers from the University of Cincinnati 
conducted a series of particle size analyses using a Pilat Mark 3 cascade 
impactor. Samples were isokinetical ly extracted from the duct between the 
spray dryer and the baghouse for three different conditions of the tests : I )  
System operating with no sorbent injection (i.e, only fly ash from the flue gas 
was collected), 2) system operating with only Ca(OH)2. and 3) system operating 
with only NH3 . 
The data published by this team (49) was summarized in the log probability 
plot shown in Figure 14. The flyash was found to have an aerodynamic mean 
diameter, dp50,  of 1 .0-2.0 microns with a geometric standard deviation tTg of 
more than 10.  The dust from the Ca(OH)2 system had an aerodynamic mean 
diameter of 55 microns with a ag of 6.3. The NH3/ S 02 reaction products had a 
dp50 of 0.2 microns and erg of 8.6. The authors mentioned that in the last two 
analyses, the values were influenced to some extent by the flyash which was 
always present in the flue gas. 
Pressure J2..m.n. Analyses 
Figure 15 shows the pressure drop rise rates in  the baghouse for Ca(OH)2 
only, NH3 only and the combined system as obtained from these tests. In order 
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Figure 14: Panicle Size Distribution of the Reaction Product 
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Figure 15 :  Comparison of Rate of Rise of Pressure Drop across 
the Baghouse for the Different Injection Modes 
to compare the rates of rise in the pressure drop rather than the absolute 
values, the initial pressure drops had been kept same. The results showed that 
the combined system behaved like a Ca(OH)2 only system indicating that the 
C a ( O H ) 2/S 02 reaction products effectively buffered the bags against the 
submicron size� NH3/S02 reaction products. The average rise rate was 
approximately 0.375 inch per hour at the test conditions with an air to cloth 
ratio of 2.9-3 . 1  cfm/sq. ft. and a dust concentration of 6.0-6.4 grains/cf. It 
should be noted however that this was too shon a test to emphatically deduce 
conclusions on the bag life and pressure drop rise rates. Extended testing both 
at the pilot plant level and at full scale plant level would be necessary to 
evaluate these effects. 
Characterization of Reaction Products 
As a part of the overall project, the reaction products from the various 
types of injection systems were physically and chemically analyzed. This part 
of the work was done by researchers at the University of Cincinnati. Their 
published reports are mentioned in this paper since this is one of the 
pertinent aspects in assessing the viability of the process. Reaction product 
characterization was imponant for two reasons. Firstly, it was expected to 
yield imponant information on the nature of the product which would help in 
developing the best possible method of regeneration of NH3 . Secondly, the 
potential of the reaction product in being listed as a hazardous waste would be 
evaluated. The potential of the reaction product being hazardous was 
anticipated due to the presence of highly soluble NH3/S 0 2 reaction products. 
which could leach into the runoff in a landfill. The results of these physical 
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and chemical analyses of the reaction product from the three different 
injection systems are summarized in Table 2. It was noted that in the NH3 only 
tests, there was some contamination resulting from the presence of the 
calcium from the previous tests, as the NH3 only product had a substantial 
calcium content. 
It was not possible to clean the spray dryer and baghouse hoppers 
sufficiently between the tests to eliminate this contamination. These results 
also indicated that with respect to specific surface area, true and bulk density, 
percent water, the wastes were very similar in all the tests. 
The hazard potential of the reaction products was determined from TCLP 
and Solubility tests. The result of the TCLP tests are shown in Table 3. This table 
also shows the maximum allowable concentration of the contaminants in the 
leachate, which is 100 times the National Interim Primary Drinking Water 
Standard. The results in the table were specific for the system tested and could 
vary considerably for other coals. 
The results indicated that the concentration of all the metals except 
Selenium were well below the RCRA limits. High concentration of Selenium 
was found in the reaction products of NH3 only tests which indicated that 
Selenium was somehow associated with the more soluble ammonium salts. The 
Selenium level decreased as the calcium content of the products increased. 
Based on this fact,  It was argued that a calcium based ammonia regeneration 
system would have the additional advantage of fixing the Selenium within the 
permissible l imits. Additional tests were recommended to confirm this 
assumption. Solubility of the wastes were checked by digesting 1 gm of the 
waste in 500 ml of water and measuring the percentage of dissolved solids in 
6 4  
Table 2: Physical Properties and Chemical Analyses of Pilot Plant Test 
Products 
Water Content (%) 
SD/BH 
True Density (glee) 
SD/BH 
Bulk Density (glee) 
SD/BH 






% S at 8200 .E 
SD/BH 
% S at 26000 .E 
SD/BH 
• Below 0. 1 %  
UT FLY 
ASH 
-/0 . 8  
-/2 . 04 
-/0 . 5 3  
-/7 . 8 8  
- /n e g .  
-/0. 1 
-/ 1 . 2 
-/ 1 . 5 
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Ca(OH)2 NH3 COMBINED 
SYSTEM SYSTEM SYSTEM 
5.2/0 . 7  7 .3/0.0  3 .7/3 .0 
2 .67/1 .68  1 .96/1 .82 2 .56/2 .93 
0.47/0.39 0 .5 1 /0. 3 8 0.54/0.40 
9 . 1 9/8.50 7 . 82/4.07 8 .00/6. 64 
27.6/2 8 .4 1 4.74/ 10.20 2 1 .9/23 .7  
ND/0.05 3 . 9/1 2 . 3 9.5/5 .9  
*/0 . 2 0  */2 . 3 0 */0 .42 
7.4/8. 6  1 0 .9/1 1 .7 1 0 .3/ 1 0 .4 
Table 3 : Results of TCLP Extraction Tests on Pilot Plant Test Products 
Metal 
A rs e n i c  
SD/BH 








M e rc u ry 
SD/BH 
S e l en i um 
SD/BH 
















% of Maximum Allowable Limit 
Ca(OH)2 
o n l y  
-/0 . 4 
1 .0/1 1 .5 
- I -
1 .  75/ 1 .0 
3 .4/-
1 .0/.20 
- /3 0 
3 .4/7 .0 
12 .5/1 2.5 
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NH3 
o n l y  
0 . 4/-
6 .5/7 .5  
- /47 
-/0 . 7 6  
- I -
0.3/0 .05 
50/ 1 80 
4.5/3 .3 
8 .0/6 .3 
Combined 
i nj ec t i o n  
- I -
3 .0/3 .0 
- I -
0/0 . 8 7  
- I -
0. 1 /0. 1 
3 0/1 50 
3 .3/2 .0 
8 . 7/9 .0 
the slurry. The results are shown in Table 4. The ammonia based product was 
found to be much more soluble than either the fly ash or the Ca(OH)2 based 
product. Thus, unless ammonia could be regenerated, this waste may require 
codisposal with other nonsoluble FGD wastes to minimize the solubility 
potential of the waste. 
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Table 4: Results of Solubility Tests on Pilot Plant Test Products 
S am p l e  
FJy Ash 




Combined Injection Tests 
SD/BH 
Total Dissolved Solids (%) 
6.59 
24. 06/25 .04 
45 .26/58 .26 
5 1 .63/50 .3 1 
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7. CONCLUSIONS 
A novel FGD process was demonstrated in a 1000 acfm pilot plant scale for 
high sulfur coal application. The process used Ca(OH)2 slurry and NH3 gas as 
sorbents/reactants in a standard spray dryer/baghouse system. Sulfur Dioxide 
removal of 90% was demonstrated at an average 9 1 .6% uti lization for a 2600-
3000 ppm inlet SOz concentration at the fol lowing operating conditions. 
Inlet Gas Temperature 
Inlet Gas Flow 
- 2850 F - 3 100 F 
- 1000 acfm 
Approach to Saturation - 300 F ± zo F 
Baseline Ca(OH)z stoichiometric ratio 0.7-0.80 
Supplemental NH3 stoichiometric ratio - 0.25-0.30 
There was no visible plume characteristic of the N H 3 based system. Also. at 
higher than 0.8 baseline Ca(OH)2 stoichiometric ratio the overall sorbent 
util ization seemed to decrease. 
The overall molal ratio of the reaction between NH3 and SOz under these 
test conditions was determined to be 2: 1 .  It was observed that visible plume, 
characteristic of NH3 breakthrough could be avoided by injecting lower than 
stoichiometric amount of NH3 , i.e. operating the system on a NH3 starved mode. 
Within the margin of experimental error, there was no difference in the 
performance of the combined sorbent injection system when the NH3 w a s  
injected either upstream of spray dryer or between the spray dryer and the 
baghouse .  
The pressure drop rise rate in  the baghouse did not seem to  be  affected by 
the very fine particulates formed in the reaction between NH3 and S02 during 
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the demonstration test of 7 hrs duration. One possible reason was the 
buffering effect of much larger sized Ca(OH)2/S 02 reaction products. 
The reaction products from the combined injection mode was found to be 
within the allowable RCRA limits by TCLP tests for all listed metals except 
Selenium. which was found to associate with the ammonium salts. It was 
proposed that the selenium could be fixed within limits by treating the 
reaction products with lime. Additional study in this area was recommended to 
confirm this idea. 
Merging of these two technologies offers the unique advantage of 
operating two successful technologies at individually best efficiencies. This 
ensures highest sorbent utilization. avoidance of the plume problem 
characteristic of the only NH3 processes. and protection of the downstream 
particulate collector. Regeneration of the product. which has been reported to 
be nearly 100% efficient in the l iterature would make this combined injection 
process very attractive economically and ensure a safe. adequate disposal of 
the waste product. 
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8. RECOMMENDED FUTURE WORK 
The results of this demonstration tests were very promising for the 
feasibil ity of this new desulfurization process as an alternative to wet 
scrubbing in high sulfur coal applications. However. additional studies are 
needed to establish the process in full scale applications. Some of these 
necessary studies are identified as follows : 
1 .  The effect of  temperature on the stoichiometry of  the reaction 
between NH3 and S02 needed to be studied. This could yield the best 
location for injection of NH3 into the system. 
2. Higher stoichiometric ratio of the baseline Ca(OH)2 slurry seemed to 
have decreased the overall utilization in the combined injection 
tests. More studies are required at different baseline Ca(OH)2 
stoichiometric ratios to determine whether this is merely due to 
lower utilization of Ca(OH)2 or there is an interaction between the 
two sorbents. 
3. Longer demonstration tests are required to determine the effect of 
the product from the combined injection system on the bag life and 
the pressure drop of across the baghouse. The tests made in this 
study were too short for this purpose. 
4. As suggested by other team of researchers. detailed study is required 
to determine the mechanism of movement of selenium in to the NH3 
based product and possible methods for fixing this metal by lime. 
5. Detail studies are required to regenerate NH3 efficiently from the 
reaction product. This study is considered as essential to the 
acceptance of this process in full scale plants since by 
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regeneration and recycling of NH3 , not only the economics of the 
process will be improved but the disposal of the waste can also be 
adequately addressed. 
After these studies have been made, demonstration of the complete process 
including regeneration of NH3 and disposal of the waste is required on a full 
scale boiler for sufficiently long period to assess the operational problems and 
economics .  
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A 1 : Pilot Plant Test Data 
I 
I 
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Test Identification Number 
Rotational Speed of the Atomizer 
S 02 Concentrations before Spraydryer 
(Port 1 ), before Baghouse (Port 2),  and 
after Baghouse (Port 3) 
Gas Temperature at Ports 1 ,2, and 3 
CaO Concentration in the Slurry 
Orifice Plate Reading 
Suction Gauge Readings at Ports 1 ,2, and 3 
CaO Slurry Injection Rate to the Mixing 
Tank  
Ambient Barometric Pressure a t  the Time 
of Testing 
Wet Bulb Temperatures at Ports 1 ,2, and 3 
Ambient Temperature at the Time of Testing 
Air Infiltration into the System as a Fraction 
of Total Gas Flow Rate 
Actual Flow Rate of NH3 
Temperature of Injected NH3 Gas at the 
Flowmeter Inlet 
Pressure of Injected NH3 Gas at the Flowmeter 
I n l e t  
Actual Flow Rate of the Test Flue Gas at Port 3 
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r p m  
p p m  
O f 
I bs/ga l  
Inch wg 
Inch wg 




l p m  
O f 
p s i g  
a c fm 
SClC Test Flue Gas Flow Rate at the Standard Condition 
at the Inlet of the Spraydryer after Correcting 
for Inleakage sc fm 
TIC 
SIC 
Temperature of the Test Flue Gas at the Inlet of 
the Spraydryer after Correcting for Inleakage 
S 0 2 Concentration in Test Flue Gas at the Inlet 
O p  





Approach to Saturation at Pon 2 (Outlet of 
S pray d ry e r) 
S 02 Removal Efficiency across Spraydryer 
S 02 Removal Efficiency across the Entire System 
Stoichiometric Ratio of CaO Injected 
NHSR Stoichiometric Ratio of NH3 Injected 
CSR Combined CaO/NH3 stoichiometric Ratio 
BWl,BW2,BW3 Fractional Moisture Content in the Flue Gas 
(Wet Basis) 
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O p  
% 
% 
Data File : Lime.300 
Only Lime Injection Tests at 2790-3 100 ppm 
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I D  R P M  S l  S l  S J  T l  T l  T J  SLC D P  
- - · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - - - - - - - - - - - - - - - - - - -
8706 1 60 1  1 7000 29 1 0  2679 30 1  1 50 1 47 0.00 0.64 
8706 1 602 1 7000 2984 2740 30 1  1 50 1 47 0 .00 0.64 
87071 60 1  1 7000 2870 2708 261 2 300 1 54 1 46 0.00 0.61  
8707200 1 1 7000 2790 1 907 1 888 300 1 5 1  1 48 0.74 0.63 
8707230 1  17000 2957 2 1 29 1 796 300 1 53 1 54 0.74 0.57 
87072302 1 7000 2980 2 1 35 1 824 300 1 52 1 50 0 .74 0.55 
8708030 1  1 7000 3006 1 873 1 453 300 1 53 1 5 1  1 .36 0.60 
87080302 17000 3 1 03 1 620 300 1 53 1 50 1 .36 0.58 
87080303 17000 2840 1 349 1 249 300 1 53 1 5 1  1 .36 0.5 1 
I D  S P l  S P l  S P J  GPM P B A R TWl TWl TWJ TAMB 
· · · · · · · · · · · · · · · - · - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8706 1 60 1  6.2 7.6 10.0 0. 1 7 1  28.93 1 22 1 20 1 20 8 3 
87061 602 6.2 7.6 10.0 0. 1 7 1  28.93 1 22 1 20 1 20 8 3 
87071 60 1  6.0 8.2 1 1 . 8  0.000 29.02 1 25 1 24 1 24 7 8  
87072001 5.9 8.0 1 1 .7 0. 1 83 29.2 1 1 22 1 20 1 20 80  
8707230 1  5.7 7.9 1 1 .6 0. 1 76 29. 1 5  1 25 1 23 1 23 92 
87072302 5.4 7.7 1 1 . 8 0. 1 80 29. 1 5  1 25 1 23 1 23 92 
8708030 1  5.8 8.0 1 1 .7 0. 1 89 29.2 1 25 1 24 1 24 8 8  
87080302 5 .6 7 .9 1 1 .8  0. 1 7  29.2 1 25 1 24 1 24 8 8  
87080303 5 .8  8.0 1 1 .7 0. 1 93 29.2 1 25 1 24 1 24 8 8  
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I D  LKRT FNH TNH P N H  A C 3  SClC T IC S I C  DT2 
· - - - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
87061 60 1  0 0 0 0.0 959 762 30 1  29 1 0  30 
87061 602 0 0 0 0.0 954 759 30 1  2984 3 0 
87071 60 1  0 0 0 0.0 933  743 299 2870 30 
8707200 1 0 0 0 0.0 95 1 761  300 2790 30 
8707230 1  0 0 0 0.0 904 720 3 00 2957 3 0 
87072302 0 0 0 0.0 888  7 1 1 300 2980 29 
8708030 1  0 0 0 0.0 93 1 742 3 0 1  3006 29 
87080302 0 0 0 0.0 9 14 730 300 3 1 03 29 
87080303 0 0 0 0.0 854 675 300 2840 29 
I D  EFFSD EFFSY L S R  N H S R  CSR B W l  BW2 B W3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
87061 60 1  3 .4 0.00 0.00 0.00 0.069 0. 1 1 1  0. 1 13 
87061 602 3. 8  0.00 0.00 0.00 0.069 0. 1 1 1  0. 1 1 3 
8707 1 60 1  0.9 4.0 0.00 0.00 0.00 0.08 1 0. 1 25 0. 129 
87072001 28. 1 28.7 0.44 0.00 0.44 0.068 0. 1 13 0. 1 16 
8707230 1  24.7 36.4 0.42 0.00 0.42 0.080 0. 12 1 0. 122 
87072302 25.0 35.8  0.43 0.00 0.43 0.080 0. 12 1 0. 123 
8708030 1  38.0 49. 1 0.79 0.00 0.79 0.080 0. 124 0 . 126 
87080302 45.0 0.70 0.00 0.70 0.080 0 . 124 0. 1 27 
87080303 48.0 58.0 1 .20 0.00 1 .20 0.080 0. 1 24 0. 126 
8 6  
Data File : NH3.300 
Only Ammonia Injection Tests at 2940-3 170 ppm 
8 7  
I D  R P M  S l  S l  S 3  T l  T l  T 3  SLC D P  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - - - - - - -
87 1 1 250 1 1 7000 2928 2652 2496 3 05 1 55 1 55 0 0.43 
87 1 12502 1 7000 3000 25 12 2392 3 0 1  1 56 1 56 0 0.43 
87 1 12503 17000 3068 2 1 84 2 1 06 305 1 55 1 6 1  0 0.43 
87 1 12504 1 7000 2943 1 924 1 794 3 04 1 55 1 60 0 0.42 
87 1 12505 1 7000 3 1 82 1 508 3 0 1  1 55 1 59 0 0.41 
I D  S P l  S P l  S P 3  GPM P B A R TW l  TWl TW3 TAMB 
- - - - · · · · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · · · · · · · · · · - -
87 1 1 250 1 5.8  6 .5 9 .8  0. 1 80 30.01 125 1 24 1 24 62 
87 1 1 2502 5.8  6 .5 9.8 0. 1 80 30.01 1 25 1 24 1 24 62 
87 1 12503 5. 1 6. 1 9.8 0. 1 80 3 0.0 1 1 25 1 24 1 24 62 
87 1 12504 5. 1 6. 1 9 .8  0. 1 80 30.0 1 1 25 1 24 1 24 6 2  
87 1 1 2505 5. 1 6. 1 9.9 0. 1 80 30.0 1 1 25 1 24 1 24 62 
I D  LKRT FNH TNH P N H  A C 3  SClC TIC S l C  DTl 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
87 1 1 250 1 0 1 0  57 2.0 8 1 8  668  305 292 8 3 1  
87 1 1 2502 0 3 0  66 2.0 8 20 669 3 0 1  3000 3 2  
87 1 1 2503 0 3 0  6 6  2.0 824 668 3 05 3068 3 1  
87 1 12504 0 40 68 2.0 8 1 3  6 6 1  3 04 2943 3 1  
87 1 1 2505 0 5 0  72 2.0 803 654 3 0 1  3 1 82 3 1  
8 8  
I D  EFFSD EFFSY L S R  NHSR CSR B W I  B W 2  B W3 
- - - - - - - - - - - - - - - - - - - · · · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
871 1 2501 5.1 10.6 0.00 0. 1 0  0. 1 0  0.055 0.098 0 .099 
87 1 1 2502 1 2.4 1 6.5 0.00 0.28 0.28 0.056 0 .098 0.098 
87 1 1 2503 25.4 28.2 0.00 0.28 0.28 0.055 0 .098 0.098 
87 1 1 2504 3 1 .5 3 6.2  0.00 0.39 0.39 0.055 0.098 0.097 
87 1 1 2505 50.4 0.00 0.45 0.45 0.056 0 .098 0.098 
8 9  
Data Files : CANH.300, CANH.301, CANH.302 
Combined Injection Tests at 2700-3 100 ppm 
9 0  
I D  R P M  S l  S l  S 3  T l  T l  T 3  SLC D P  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - -
880 1 1 80 1  1 7000 28 1 8  1434 9 1 8  3 1 6 1 48 1 47 0.85 0.54 
880 1 1 802 1 7000 2834 1 63 1  1 1 04 3 1 8  1 49 1 4 1  0 .85 0.54 
880 1 1 803 1 7000 2834 1 1 04 6 1 0  3 1 7 1 50 140 0.85 0.54 
8801 1 804 1 7000 2777 766 404 3 1 5 1 50 1 43 0.85 0.53 
880 1 1 805 1 7000 2694 65 1 23 1 3 1 5 1 47 146 0.85 0.53 
87 12280 1 1 7000 300 1 1 438 1 1 26 3 02 1 5 1  1 43 1 . 1 3 0.49 
87 122802 17000 2996 1498 1 087 3 03 1 5 1  1 4 1  1 . 1 3  0.49 
87 1 22803 17000 3070 927 637 303  1 50 1 40 1 . 1 3 0.48 
87 1 22804 1 7000 3066 805 563 302 1 5 1  1 4 1  1 . 1 3 0.48 
87122805 1 7000 3 1 1 8  875 307 303 1 52 143 1 . 1 3 0.47 
87 122 806 1 7000 2996 9 1  3 00 1 50 1 4 1  1 . 1 3  0.47 
87 1 2270 1 1 7000 3029 1 285 652 3 1 0 1 50 1 6 1  1 .60 0.52 
87 122702 1 7000 2878 1455 702 3 1 1  1 5 1  1 56 1 .60 0.54 
87 1 22703 1 7000 295 1 1 0 19 546 307 1 50 1 55 1 .60 0.53 
87 1 22704 1 7000 2883 72 1 230 3 04 1 5 1  1 5 6  1 .60 0.52 
87 1 22705 1 7000 2827 633 262 3 06 1 50 1 60 1 .60 0.53 
87122706 1 7000 2892 78 3 04 1 50 156 1 .60 0 .52 
9 1  
I D  S P l  S P 2 S P 3  GPM P B A R TW l  TW2 TW3 TAMB 
· · · · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · · · - - - - - - - - - - - - -
880 1 1 80 1  6 . 1  7. 1 1 1 . 8 0. 1 85 3 0.05 1 2 1  1 1 9 1 1 9 4 1  
8801 1 802 6. 1 7. 1 1 1 .8  0. 1 85 3 0.05 1 2 1  1 1 9 1 1 9 4 1  
8801 1 803 6.0 7.0 1 1 .9 0. 1 85 3 0.05 1 2 1  1 1 9 1 1 9 4 1  
880 1 1 804 6.0 7.0 1 2.0 0. 1 85 3 0.05 1 2 1  1 1 9 1 1 9 4 1  
8801 1 805 6.0 7.0 1 2.0 0. 1 85 3 0.05 1 2 1  1 1 9 1 1 9 4 1  
87 1 22801 7.5 8 .3  1 2.0 0. 1 77 30.01 1 24 1 22 1 22 5 1  
87 1 22 802 7.5 8 .3  1 2.0 .0 1 85 30.01 1 24 1 22 1 22 5 1  
87 1 22803 7.3 8.3 12. 1 0. 1 82 30.01 1 24 1 22 1 22 5 1  
87122804 7.3 8.3 12. 1 0. 1 80 30.01 1 24 1 22 1 22 5 1  
87 1 22805 7.2 8. 1 12. 1 0. 1 80 3 0.01  - 1 24 1 22 1 22 5 1  
87122 806 7.0 8.0 1 2.0 0. 1 85 3 0.01  1 24 1 22 1 22 5 1  
87 122701 7.0 8.0 1 1 .5 0. 1 87 30.01 1 23 1 2 1  1 2 1  5 3  
87 122702 7.0 8.0 1 1 .5 0. 1 98 30.01 1 23 1 2 1  1 2 1  5 3  
87 122703 7.0 8.0 1 1 .5 0. 1 87 30.01 1 23 1 2 1  1 2 1  53 
87 122704 6.2 7.2 1 1 .7 0. 1 87 30.01 1 23 1 2 1  1 2 1  53 
87 122705 6.6 7.5 1 1 .5 0. 1 85 3 0.01 1 23 1 2 1  1 2 1  5 3  
87 1 22706 6.3 7.3 1 1 .7 0. 1 87 3 0.01  1 23 1 2 1  1 2 1  5 3  
9 2  
I D  LKRT FNH TNH P N H  AC3 SClC TIC S I C  DT2 
· - · · · · · · · · · · · - · · · · - - - - - - - - - - - · - · · · · · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8801 1 80 1  0 0 0 0.0 904 743 3 1 6 28 1 8  29 
8801 1 802 0 0 0 0.0 896 742 3 1 8  2834 30 
8801 1 803 0 1 5  70 1 .0 89 1 739 3 1 7  2834 3 1  
8801 1 804 0 3 0  64 2.0 8 87 733 3 1 5 2777 3 1  
8801 1 805 0 40 5 8  4.0 890 733 3 1 5 2694 28 
87 1 22801  0 0 0 0.0 8 6 1  7 1 3  3 02 3001  3 1  
87 1 22 802 0 0 0 0.0 854 708 3 03 2996 29 
87 1 22 803 0 1 2  68 2.0 849 105 3 03 3 070 2 8  
87 1 22804 0 20 66 2.5 850 105 3 02 3 066 29 
87 1 22805 0 3 0  60 4.0 843 698 3 03 3 1 1 8  3 0  
87 1 22806 0 40 60 4.0 8 4 1  699 3 00 2996 2 8  
87 1 2270 1 0 0 0 0.0 906 73 1 3 1 0 3 029 29 
87 1 22702 0 0 0 0.0 9 1 7  744 3 1 1  2878 3 0  
87 1 22703 0 1 5  67 2.0 908 739 3 07 295 1 29 
87 1 22704 0 22 50 2.5 90 1 734 3 04 2883 30 
87 1 22705 0 3 1  64 2.0 9 1 4  740 306 2827 29 
87 1 22706 0 40 50 4.0 90 1 734 3 04 2892 29 
9 3  
I D  EFFSD EFFSY L S R  N H S R  CSR B W l  BW2 BW3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 1 80 1  46.4 65.6 0.52 0.00 0 .52 0.055 0 . 1 04 0. 105 
8 80 1 1 802 39.3 58.7 0.5 1 0.00 0.5 1 0.054 0 . 1 03 0 . 1 07 
8801 1 803 58.9 77.2 0.52 0. 1 3  0 .65 0.055 0 . 1 03 0 . 1 08 
8801 1 804 7 1 .0 8406 0.53 0.28 0 . 8 1  0.055 0. 103 0. 1 08 
8801 1 805 74.5 90.9 0.55 0.41 0.96 0.055 0. 104 0 . 1 06 
87 1 22801  4908 60.5 0.64 0.00 0.64 0.072 0 . 1 1 4 0 . 1 1 8  
87 1 22802 47.6 6 1 . 8  0.68 0.00 0.68 0.072 0. 1 14 0. 1 1 8 
8 7 1 22803 68.4 78. 1 0.65 0. 1 0  0 .75 0.071 0. 1 14 0. 1 1 9 
87 1 22804 72.5 80.7 0.65 0. 1 8  0 .83 0.072 0. 1 14 0 . 1 1 8 
87 1 22 805 70.6 89.6 0.64 0.28 0.92 0.07 1 0. 1 1 3 0 . 1 1 8 
87 122806 96.8 0.69 0 .38  1 .07 0 .072 0. 1 14 0 . 1 1 8 
87 1 2270 1 55.4 77.4 0.93 0.00 0.93 0 .065 0. 1 1 0 0 . 1 08 
8 7 122702 46.9 74.4 1 .02 0.00 1 .02 0 .065 0. 1 1 0 0 . 1 09 
87122703 63 .7 80.6 0.94 0. 1 3  1 .07 - 0.066 0. 1 1 0 0. 1 1 0 
871 22704 73. 8  9 1 .6 0.97 0.20 1 . 1 7  0 .067 0. 1 1 0 0. 1 1 0 
87 1 22705 76.5 90.3 0.97 0.28 1 .25 0.066 0. 1 10 0. 1 1 0 
87 1 22706 97.2 0.97 0.3 8  1 .35 0.067 0. 1 1 0 0. 1 1 0 
94 
Data File : Lime.200 
Only Lime Injection Tests at 1 800-2 100 ppm 
9 5  
,:7 
I D  R P M  
8707070 1 1 7000 
8707 1 70 1  1 7000 
8707 1 702 1 7000 
I D  S P l  
S l  S 2  S J  
1 890 93 1 744 
T l  T 2  T J  SLC D P  
300 1 56 1 5 1  1 .07 0.63 
2072 1471 1 292 3 00 1 53 1 49 0.50 0.64 
2068 1464 1 3 3 8  3 0 1  1 53 1 48 0.50 0.63 
S P 2 S P 3  GPM P B A R TW l  TW2 TWJ TAMB 
- - - - - - - - - - - - - - - - - - · · - - - - - - - - - - - - - - - - - - - - - - - - - · · - - - - - - - - - - - - - - - - - - - - - - -
8707070 1 5 .8  6.9 10.7 0. 1 85 29.09 1 28 1 26 1 26 8 6  
8707 1 70 1  6.0 8.4 1 1 .6 .0 1 64 3 0.25 1 25 1 23 1 23 7 8  
8707 1 702 6.0 8.3 1 1 .7 0. 1 85 3 0.25 1 25 1 23 1 23 7 8  
I D  LKRT FNH TNH P N H  A C J  SClC TlC S I C  DT2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · - · -
8707070 1 0 0 0 0 947 756 300 1 890 
8707 1 70 1  0 0 0 0 939 7 80 300 2072 
8707 1 702 0 0 0 0 930 774 3 0 1  2068 
I D  EFFSD EFFSY L S R  N H S R  CSR B W l  BW2 B W3 
8707070 1 48.6 
8707 1 70 1  25.7 
8707 1 702 25.9 
58.8  0.95 0.00 0.95 0.094 0 . 1 32 0. 1 35 
34.6 0.35 0.00 0.35 0.075 0 . 1 1 6 0. 1 1 8 
32. 1 0.40 0.00 0.40 0.075 0. 1 1 6 0. 1 19 
9 6  
3 0  
3 0  
3 0  
Data File : NH3.200 
Only Ammonia Injection Tests at 1865-2070 ppm 
9 7  
I D  R P M  S l  S 2  S 3  T l  T 2  T 3  SLC D P  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8707080 1 17000 2064 1 298 1 1 75 298 1 57 1 54 0.00 0.63 
87 1 22901 1 7000 2050 1 967 1 856 3 1 0  1 59 1 55 0 .00 0.50 
87 1 22902 17000 2070 1720 1 630 3 1 0  1 60 1 55 0 .00 0.50 
87 122903 1 7000 1 976 1449 1 3 62 3 1 0 1 59 1 57 0.00 0.50 
87 122904 1 7000 19 1 8  1 1 1 5 1 074 3 1 0 1 56 1 6 1  0.00 0.49 
87 1 22905 1 7000 1 865 930 745 3 1 0  1 55 1 5 6  0.00 0.48 
87 1 2906 1700 1 897 827 778 3 1 0 1 5 6  1 60 0.00 0.49 
I D  S P I  S P 2  S P 3  GPM P B A R TWI TW2 TW3 TAMB 
- - - - - - - - - - - - - - - - - - - - - - - - - · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8707080 1 6.8  7.2 10.6 0.00 29. 10  1 30 1 2 8  1 2 8 8 4  
87 12290 1 7. 5 8.5 12.0 0.00 30. 10  1 2 6  1 25 1 25 3 2  
87 122902 7.5 8.5 12 .0 0.00 30.01 1 2 6  1 25 1 25 3 2  
87 122903 7.4 8.5 12.0 0.00 30. 1 1 26 1 25 1 25 3 2  
87 122904 7.3 8.0 12.0 0.00 30. 1 1 26 1 25 1 25 3 2  
87 1 22905 7 . 1  8.0 12 .0 0.00 3 0. 1  1 25 1 25 1 25 3 2  
87 1 22906 7.0 8.0 12.0 0.00 30. 1 1 26 1 25 1 25 3 2  
I D  LKRT FNH TNH P N H  AC3 SCIC TIC S I C  DT2 
. 
· · - - - - - - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
87070801 0 34.3 84 1 .0 958  759 298 2064 2 9  
87 12290 1 0 0.00 0 0.0 8 8 1  7 1 7  3 1 0 2050 3 4  
87 122902 0 1 0.0 60 2.0 8 8 1  7 1 7  3 1 0  2070 3 5  
87 122903 0 20.0 5 6  2.5 8 83 7 1 7  3 1 0  1 976 3 4  
87 122904 0 30.0 53 3.0 878 7 1 0  3 1 0 1 9 1 8  3 1  
87122905 0 35.0 49 3.0 8 64 703 3 1 0 1 865 3 0  
9 8  
87 1 22906 0 
I D  EFFSD 
40.0 50 4.0 
EFFSY L S R  N H S R  
8 7 7  7 1 0  3 1 0 1 897 3 1  
CSR B W l  BW2 BW3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8707080 1 34.3 40.4 0.00 0.39 0.39 0 . 1 02 0 . 14 0. 142 
87 1 2290 1 0.40 4.9 0.00 0.00 0.00 0.06 1 0 . 1 04 0 . 1 06 
8 7 1 22902 1 3 .0 1 7.3 0.00 0. 1 3  0 . 1 3  0.06 1 0 . 103 0 . 1 06 
87 1 22903 23.2 27.6 0.00 0.27 0.27 0.06 1 0 . 1 04 0 . 1 05 
87 1 22904 39.0 4 1 .3 0.00 0.43 0.43 0.06 1 0. 1 04 0. 1 04 
8 7 1 22905 47.7 58.0 0.00 0.53 0.53 0 .061 0. 1 05 0. 1 06 
87 1 22906 54.3 57.0 0.00 0.60 0 .60 0.06 1 0 . 1 04 0 . 1 04 
9 9  
Data Files : CANH.201 .  CANH.202. CANH.203 
Combined Injection Tests at 1 880-2120 ppm 
1 0 0 
I D  R P M  S t  S l  S 3  T l  T l  T 3  SLC D P  
· · · · - - - - - - - - - - - - - - - - - - - - - - - - - - · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8707090 1 17000 2020 1 040 298 1 56 1 52 0.475 0.62 
87070902 17000 2020 826 298 1 56 1 52 0.475 0.62 
87070903 17000 1959 628 298 1 55 1 52 0.475 0.62 
870070904 17000 2020 4 1 0  297 1 54 1 5 1  0.475 0.62 
87070905 1 7000 2087 159 156 298 1 54 1 52 0.475 0.6 1 
87 1 2270 1 17000 1 932 55 1 2 1 6  306 1 48 1 55 1 .480 0.50 
87 122702 17000 1 928 675 285 306 1 5 1  1 53 1 .480 0.50 
87 122703 17000 1 896 390 1 28 307 1 50 1 52 1 0480 0.50 
87 122704 17000 1928 32 1 64 307 1 5 1  1 53 1 0480 0.49 
87 122705 17000 1 9 1 4  1 84 50 307 1 52 1 54 1 .48 0.49 
87 122706 17000 1 8 82 50 308 1 5 1  1 54 1 .480 0.48 
87 12280 1 17000 2087 1 1 34 632 300 1 5 1  1 53 1 .000 0.50 
87 122802 17000 203 1 780 429 3 00 1 5 1  1 5 1  1 .000 0.5 1 
87 1 22803 17000 2057 844 429 3 0 1  1 5 1  1 5 1  1 .000 0.5 1 
87 122804 17000 2078 572 286 304 1 5 1  1 50 1 .000 0.5 1 
87 1 22805 17000 2078 485 269 3 02 1 50 1 5 1  1 .000 0.50 
87122806 17000 2 1 22 1 73 3 0 1  1 5 1  1 5 1  1 .000 0.50 
1 0 1 
I D  S P l  S P 2  S P 3  GPM P B A R TW l  TW2 TW3 TAMB 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8707090 1 5.7 7.4 10 .8  0. 1 85 29.02 1 26 1 24 1 24 92 
87070902 5.7 7.8 10.8 0. 1 85 29.02 1 26 1 24 1 24 92 
87070903 5.7 7.4 10.8 0. 1 93 29.02 1 26 1 24 1 24 92 
87070904 5.7 7.3 10.8  0.20 1 29.02 1 26 1 24 1 24 92 
87070905 5.6 7.4 10.8 0. 1 89 29.02 1 25 1 24 1 24 92 
87 12270 1 6. 1 7. 1 1 1 .9 0. 1 87 30.01 1 23 1 2 1  1 2 1  5 3  
87 122702 6. 1 7.0 1 1 .9 0. 1 80 30.01 1 23 1 2 1  1 2 1  53  
87 122703 6.0 7.0 1 2.0 0. 1 80 30.01 1 23 1 2 1  1 2 1  53  
87 122704 6.0 7.0 12.0 0. 1 87 30.01 1 23 1 2 1  1 2 1  53  
87 1 22705 6.0 7.0 12.0 0. 1 87 30.01 1 23 1 2 1  1 2 1  5 3  
87 122706 6.0 7.0 12.0 0. 1 87 30.0 1 1 23 1 2 1  1 2 1  53  
87 1 22801 8.0 9.0 1 1 .9 0. 1 74 30.01 1 24 1 22 1 22 5 1  
8 7 1 22802 7.8 8.9 12.0 0 . 1 80 30.01 1 24 1 22 1 22 5 1  
87 122803 7.8 8.9 12.0 0. 1 80 30.01 1 24 1 22 1 22 5 1  
87 122804 7.9 8.9 12.0 0. 1 85 30.0 1 1 24 1 22 1 22 5 1  
87 1 22805 7.8 8.7 12.0 0. 1 74 30.01 - 1 24 1 22 1 22 5 1  
87 1 22806 7.6 8.6 12.0 0. 1 85 30.01 1 24 1 22 1 22 5 1  
1 0 2 
I D  LKRT FNH TNH P N H  A C 3  SClC TlC S l C  DT2 
- - - - - - - - - - - - - - - - - - - - - · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8707090 1 0 20 80 1 .0 947 753 298 2020 3 2  
87070902 0 3 0  80 1 .0 947 753 298 2020 3 2  
87070903 0 40 80 1 .5 947 753 298 1 959 3 2  
87070904 0 50 77 0.0 946 754 297 2020 3 0  
87070905 0 60.6 80 1 .5 939 747 298 2087 30 
87 1 2270 1 0 0 0 0.0 882 7 1 9  3 06 1 932 27 
8 7 1 22702 0 0 0 0.0 8 79 7 1 9  306 1 928 30 
8 7 1 22703 0 1 0  66 1 .0 878 7 1 9  3 07 1 896 29 
8 7 1 22704 0 1 5  58  2.5 870 7 1 2  307 1 928 30 
87 1 22705 0 20 58 3 .0 8 7 1 7 1 2  307 1 9 1 4  3 1  
87 1 22706 0 25 5 6  3 .5 862 704 308 1 8 82 30 
87 1 2280 1  0 0 0 0 8 82 720 300 2087 29 
87 1 22 802 0 0 0 0 8 84 724 300 203 1 29 
87 1 22803 0 1 0  66 2.0 8 84 724 3 0 1  2057 29 
87 1 22804 0 20 64 3 .0 8 82 722 304 2078 29 
87 1 22805 0 25 60 4.0 879 720 302 2078 29 
87 1 22 806 0 3 0  57 5.0 8 80 720 3 0 1  2 1 22 29 
1 0 3 
I D  EFFSD EFFSY LSR NHSR CSR B W l  B W2 BW3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8707090 1 46. 1 0.40 0.23 0.63 0.086 0. 1 24 0 . 1 27 
87070902 57.2 0.40 0.35 0.75 0.086 0 . 1 24 0 . 1 27 
87070903 66.4 0.43 0.49 0.92 0.086 0 . 1 24 0. 1 27 
87070904 78.8 0.43 0.6 1  1 .04 0.086 0. 125 0 . 1 27 
87070905 92.0 92.2 0.40 0.70 1 . 1  0.086 0. 1 25 0. 127 
87 1 2270 1 70.0 88.3 1 .37 0.00 1 .37 0.066 0. 1 1 0 0. 1 1 0 
87072702 63.3 84.5 1 .32  0.00 1 .32 0.066 0. 1 1 0 0. 1 1 0 
87 122703 78.4 92.9 1 .35 0. 1 3  1 .48 0.066 0. 1 10 0. 1 1 0 
87 122704 82.5 96.5 1 .39 0.2 1 1 .60 0.066 0. 1 10 0. 1 10 
87 122705 89.9 97.3 1 .40 0.29 1 .69 0.066 0. 1 09 0.100 
87 122706 97.2 1 .44 0.3 8 1 .82 0.065 0. 1 10 0. 1 10 
87 12280 1  43. 1  68.3 0.80 0.00 0.80 0.073 0 . 1 1 4  0 . 1 14 
87 1 22802 59.8 77.9 0.84 0.00 0.84 0.073 0. 1 14 0 . 1 15 
87 1 22803 57.0 78. 1 0. 83 0. 1 3  0.96 0.072 0. 1 14 0 . 1 1 5  
87 1 22804 7 1 . 1  85.6 0.85 0.26 1 . 1 1 0.07 1 0. 1 1 4  0. 1 1 5 
87 122805 15.5 86.4 0.80 0.34 1 . 14 0.072 0. 1 14 0. 1 15 
87 122806 9 1 .5 0.83 0.4 1 1 .24 0.072 0 . 1 1 4  0. 1 15 
1 0 4 
Data Files : Demo. l ,  Demo.2 
Demonstration Tests in Combined Injection Mode at 2600-3000 ppm 
1 0 5 
1 0  R P M  S l  S 2  S 3  T l  T 2  T 3  SLC D P  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 1 90 1  1 7000 2704 1 283 9 1 6  3 1 0 1 49 1 40 1 . 1 0 0.49 
880 1 1 902 1 7000 277 1 268 3 1 1  1 48 1 46 1 . 1 0 0.49 
880 1 1 903 1 7000 26 1 5  478 232 3 1 3 1 49 1 46 1 . 1 0 0.48 
8801 1 904 1 7000 2776 590 335 3 1 5 1 50 1 44 1 . 1 0  0.48 
880 1 1 905 1 7000 2660 4 1 6  255 3 1 5 1 48 1 45 1 . 1 0  0.48 
8801 1 906 1 7000 2669 554 300 3 1 2 1 50 1 45 1 . 1 0 0.47 
8801 1 907 1 7000 2847 568 24 1 3 1 4 1 49 1 44 1 . 1 2  0.47 
8801 1 908 1 7000 2764 559 268 3 1 5 1 48 1 45 1 . 1 2  0.47 
8801 1 909 1 7000 2660 5 14 237 3 1 5  1 47 1 45 1 . 1 2  0.46 
880 1 1 9 1 0  1 7000 2669 5 8 1  255 3 1 6 148  1 44 1 . 1 2 0.44 
8801 1 9 1 1 1 7000 2669 554 255 3 1 6  1 4 8  1 44 1 . 1 2 0.44 
8 80 1 1 9 1 2  1 7000 2655 527 246 3 1 6  1 49 1 44 1 . 1 2 0.44 
I D  S P l  S P 2  S P 3  GPM P B A R TWl TW2 TW3 TAMB 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 1 90 1  7.5 8.5 1 2.0 0. 1 85 30.06 1 2 1  1 1 9 1 1 9 42 
88 1 0 1 902 7.2 8.2 1 2.0 0. 1 83 30.06 1 2 1  1 1 9 1 1 9 42 
8 8 1 0 1 903 7.2 8.2 1 2.0 0. 1 80 30.06 1 2 1  1 1 9 1 1 9 42 
880 1 1 904 7.0 8.0 12.0 0. 1 80 30.06 1 2 1  1 1 9 1 1 9 42 
880 1 1 905 7.0 8.0 1 2 . 1 0. 1 80 30.06 1 2 1  1 1 9 1 1 9 42 
880 1 1 906 7.0 7.9 1 2 . 1 0. 1 85 30.06 1 2 1  1 1 9 1 1 9 42 
880 1 1 907 7.0 7.9 1 2.2 0. 1 85 30.06 1 2 1  1 1 9 1 1 9 42 
880 1 1 908 7.0 7.9 1 2.2 0. 1 85 30.06 . 1 2 1  1 1 9 1 1 9 42 
880 1 1 909 7.0 7.9 1 2. 1 0. 1 85 30.06 1 2 1  1 1 9 1 1 9 42 
880 1 1 9 1 0  6.8  7.4 12 . 1 0. 1 85 30.06 1 2 1  1 1 9 1 1 9 42 
880 1 1 9 1 1 6.5 7.2 1 2 . 1  0. 1 85 30.06 1 2 1  1 1 9 1 1 9 42 
1 0 6 
880 1 1 9 1 2  6.5 7.2 1 2. 1 0. 1 85 30.06 1 2 1  1 1 9 1 1 9 42 
I D  LKRT FNH TNH PNH AC3 SClC TlC S l C  DT2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 1 90 1  0 0 0 0.0 855 709 3 1 0 2704 30 
880 1 1 902 0 20 5 8  2.0 8 62 709 3 1 1  277 1 29 
880 1 1 903 0 20 5 8  2.0 852 701 3 1 3  2 6 1 4  3 0  
880 1 1 904 0 20 5 8  2.0 849 700 3 1 5 2776 3 1  
8 80 1 1 905 0 20 58 2.0 85 1 700 3 1 5 2660 29 
8 80 1 1 906 0 20 60 2.5 843 694 3 1 2  2669 3 1  
880 1 1 907 0 20 62 2.0 84 1 693 3 1 4 2847 3 0  
8 80 1 1 908 0 20 65 2.0 842 693 3 1 5 2764 29 
8 80 1 1 909 0 20 6 8  2.0 8 3 3  6 8 6  3 1 5 2660 2 8  
880 1 1 9 1 0 0 20 70 2.5 8 1 3  670 3 1 6 2669 2 9  
8801 1 9 1 1 0 20 72 2.5 8 1 3  6 7 1  3 1 6 2669 29 
880 1 1 9 1 2  0 20 72 2.5 8 1 3  6 7 1  3 1 6  2655 30 
I D  EFFSD EFFSY L S R  NHSR CSR B W l  B W 2  B W3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 1 90 1 50. 1 64.2 0.73 0.00 0 .73 0.057 0 . 1 04 0. 108  
880 1 1 902 89.9 0.7 1 0. 1 9  0.90 0.057 0. 1 04 0 . 1 08 
880 1 1 903 80.7 90.6 0.74 0.2 1 0.95 0.056 0. 1 04 0 . 1 06 
880 1 1 904 77.6 87.2 0.70 0.20 0.90 0 .056 0 . 1 03 0 . 1 06 
880 1 1 905 83.5 89.9 0.73 0.20 0 .93 0.056 0. 1 04 0 . 1 06 
880 1 1 906 78.2 88. 1 0.76 0.2 1 0.97 0.057 0. 103 0 . 1 06 
880 1 1 907 79.0 9 1 . 1  0.72 0. 1 9  0.9 1 0.056 0. 103 0 . 1 06 
8 801 1 908 78.7 89.8 0.75 0.20 0.95 0 .056 0 . 1 04 0. 106 
1 0 7 
880 1 1 909 79.6 90.6 0.78 0.2 1 0.99 0.056 0. 1 04 0 . 1 06 
880 1 1 9 1 0  77. 1 89.9 0.80 0.2 1 1 .0 1  0.055 0. 1 02 0 . 1 04 
8801 1 9 1 1 78. 1 89.9 0.80 0.2 1 1 .0 1  0.055 0. 1 04 0. 1 06 
880 1 1 9 1 2  79. 1 90.2 0. 8 1  0.22 1 .03 0.055 0. 1 03 0. 106 
I D  R P M  S l  S l  S 3  T l  T l  T 3  SLC D P  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 1 9 1 3  1 7000 2669 523 2 1 0  3 1 6 1 49 1 44 1 . 1 2 0.43 
8801 1 9 1 4  1 7000 2660 5 1 4 2 1 0  3 1 7 1 48 1 44 1 . 1 2 0.42 
880 1 2001 17000 2680 1 227 1 036 3 00 1 50 1 40 1 . 1 0 0.46 
880 1 2002 1 7000 2580 1 258 1 0 1 3  3 00 1 50 1 40 1 . 1 0 0.46 
880 1 2003 1 7000 2676 422 299 1 50 1 40 1 . 1 0 0.46 
8801 2004 1 7000 2680 377 296 1 49 1 40 1 . 1 0  0.45 
8801 2005 1 7000 2730 259 295 1 49 1 4 1  1 . 10 0.45 
8801 2006 1 7000 2635 454 24 1 295 1 48 1 42 1 . 10 0.44 
880 12007 1 7000 2680 409 263 290 1 47 1 4 1  1 . 1 0 0.44 
8801 2008 1 7000 2635 4 1 8  354 290 1 47 1 4 1  1 . 10 0.44 
880 1 2008 1 7000 2608 363 24 1 290 1 4 8  1 40 1 . 1 0 0.44 
880 1 2009 1 7000 2608 363 24 1 290 1 4 8  1 40 1 . 1 0 0.44 
880 120 1 0  1 7000 2626 363 227 290 1 4 8  1 40 1 . 1 0 0.43 
I D  S P l  S P l  S P 3 GPM P B A R TW l  TWl TW3 TAMB 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8801 1 9 1 3  6.4 7.2 12 .2 0. 1 85 30.06 1 2 1  1 1 9 1 1 9 44 
8801 1 9 14 6.3 7. 1 12.2 0. 1 85 3 0.06 1 2 1  1 1 9 1 1 9 44 
8801200 1 7. 1 8.0 12.0 0. 1 80 30 .01  1 20 1 1 8 1 1 8 5 2  
8801 2002 7. 1 8.0 12.0 0. 1 80 30.01  1 20 1 1 8 1 1 8 5 2  
8801 2003 7.0 7.9 1 1 .9 0. 1 85 30.01  1 20 1 1 8 1 1 8 52 
1 0 8 
8801 2004 7.0 7.9 1 2 .0 0. 1 80 30.01  1 20 1 1 8 1 1 8 52 
8801 2005 6.9 7.9 1 2 .0 0. 1 80 30.01  1 20 1 1 8 1 1 8 52 
88012006 6.9 7.8 12.0 0 . 1 80 30.01  1 20 1 1 8 1 1 8 52 
880 1 2007 6.9 7.7 12 .0 0. 1 80 30.01  1 20 1 1 8 1 1 8 52 
880 1 2008 6.9 7.6 1 2 . 1  0. 1 80 30.01  1 20 1 1 8 1 1 8 52 
8801 2009 6.9 7.5 1 2 . 1  0 . 1 80 30.01  1 20 1 1 8 1 1 8 5 2  
880 1 20 1 0  6.9 7.45 1 2 . 1  0. 1 80 30.01  1 20 1 1 8 1 1 8 5 2  
I D  LKRT FNH TNH P N H  ACJ SClC TIC S I C  DT2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - · - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 1 9 1 3  0 20 72 2.5 803 663 3 1 6 2669 30 
880 19 1 14 0 20 73 2.5 794 655 3 1 7 2660 29 
880 1 2001 0 0 0 0.0 832 692 3 00 3 00 32 
8801 2002 0 0 0 0.0 832 692 3 00 2580 3 2  
880 1 2003 0 0 0 0.0 833  692 299 2676 32 
8801 2004 0 25 68 2.5 824 686  296 2680 3 1  
8801 2005 0 3 0  59 3 .0 826 · 6 87 295 2703 3 1  
8801 2006 0 25 62 2.0 8 1 7  679 295 2635 3 0  
88012007 0 25 68 2.0 8 1 8  6 8 1 290 2680 29 
880 12008 0 20 68 2.0 8 1 8  6 8 1 290 2635 29 
8801 2009 0 25 67 2.0 8 1 7  6 8 1 290 2608 3 0  
88012010 0 25 67 2.0 807 673 290 2626 3 0  
I D  EFFSD EFFSY L S R  NHSR CSR B W l  B W2 BW3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8801 1 9 1 3  79.3 9 1 .7 0. 8 1  0.22 1 .03 0.055 0. 103 0. 106 
880 1 1 9 14 79.6 9 1 . 6 0.82 0.22 1 .04 0.055 0. 1 04 0. 106 
88 1 0200 1 52.0 59.3  0.74 0.00 0.74 0.057 0. 1 00 0. 104 
1 0 9 
8801 2002 48.9 58.7 0.76 0.00 0.76 0 .057 0. 1 00 0. 104 
880 1 2003 83.4 0.76 0 .21  0.97 0.057 0. 1 00 0. 104 
880 1 2004 85.2 0.74 0.26 1 .00 0 .058 0 . 1 00 0 . 1 04 
8801 2005 89.9 0.73 0.32 1 .05 0.059 0 . 1 00 0 . 1 04 
8801 2006 82.0 90.4 0.76 0.27 1 .03 0.059 0 . 1 0 1  0 . 1 04 
88012007 84.0 89.7 0.75 0.26 1 .0 1  0 .060 0 . 1 0 1  0 . 1 04 
880 1 2008 83.4 85.9 0.76 0.2 1 0.97 0 .060 0 . 1 0 1  0 . 1 04 
880 1 2009 85.5 90.3 0.77 0.27 1 .04 0.060 0. 1 . 1  0 . 1 04 
880 1 2 0 1 0  85.6 90.9 0.77 0.27 1 .04 0. 060 0 . 1 00 0 . 1 04 
� I D  R P M  S l  S 2  S 3  T l  T 2  T 3  SLC D P  
- - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 20 1 1 1 7000 2998 4 1 8 322 298 1 4 8  1 40 1 . 1 0  0.43 
8 80 1 20 1 2  1 7000 2940 363 2 1 3  287 1 44 1 40 1 . 1 0  0.42 
8 80 1 20 1 3  1 7000 2894 363 29 1 287 1 47 1 40 1 . 1 0  0.42 
880 1 20 1 4  1 7000 28 1 7  350 272 286 1 4 8  1 39 1 . 1 0 0.42 
8 80 1 20 1 5  1 7000 2749 3 1 8  223 285 1 49 1 39 1 . 1 0 0.42 
880 1 20 1 6  1 7000 2680 3 1 8  1 95 286 1 49 1 39 1 . 1 0 0.42 
880120 1 7  1 7000 2694 273 1 82 286 1 49 1 40 1 . 1 0 0.41 
I D  S P l  S P 2 S P 3  GPM P B A R TW l  T W2 TW3 TAMB 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 20 1 1 6.8 7.3 12. 1 0. 1 85 30.0 1 1 20 1 1 8 1 1 8 52 
88012012 6 .8  7.2 12.2 0. 1 85 30.01 1 20 1 1 8 1 1 8 52 
880 1 20 1 3  6.6 7.2 12.3 0. 1 80 30.01 1 20 1 1 8 1 1 8 52 
880 120 14 6.5 7.2 12.3 0. 1 80 30.01 1 20 1 1 8 1 1 8 52 
88012015 6.5 7.2 12 .2 0. 1 85 30.0 1 1 20 1 1 8 1 1 8 52 
1 1 0 
880 1 20 1 6  6.2 7.0 12. 1 0. 1 85 30.0 1 1 20 1 1 8 1 1 8 52 
880 120 1 7  6.2 7.0 12. 1 0. 1 80 30.0 1 1 20 1 1 8 1 1 8 52 
I D  LKRT FNH TNH PNH AC3 SCIC TIC S I C  DT2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880120 1 1 0 25 68 2.0 800 666 298 2998 3 0  
880 1 20 1 2  0 25 68 2.0 799 667 2 87 2940 26 
880120 1 3  0 25 64 2.0 799 667 287 2894 29 
88012014 0 25 64 2.0 798 668 2 86 28 1 7  3 0  
880 1 20 1 5  0 25 65 2.0 798 668 2 85 2749 3 1  
880 1 20 1 6  0 25 65 3 .0 797 668 286 2680 3 1  
880 1 20 1 7  0 25 68 2.0 789 660 286 2694 3 1  
I D  EFFSD EFFSY L S R  N H S R  CSR B W I  B W2 B W3 
- - - - - - - - - - - - - - - - - - - · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
880 1 20 1 1 85.4 88.7 0.70 0.24 0.94 0.058 0 . 1 00 0. 104 
880 1 20 1 2  87. 1 92.4 0.7 1 0.24 0.95 0.06 1 0 . 1 02 0. 104 
880 1 20 1 3  86.9 89.5 0.7 1 0.25 0.96 0.06 1 0 . 1 0 1  0. 1 04 
880 1 20 1 4  87.0 89.9 0.72 0.25 0.6 1 0.97 0.061 0 . 1 00 
880 1 20 1 5  87.9 9 1 .5 0.76 0.26 1 .02 0.062 0. 1 00 0 . 1 05 
880 1 20 1 6  87.6 92.4 0.78 0.27 1 .05 . 0.06 1 0 . 1 00 0. 1 05 
880 1 20 1 7  89.4 92.9 0.77 0.27 1 .04 0.06 1 0 . 1 00 0. 1 04 
1 1 1 
B 1 : Sample Pilot Plant Data Sheet 
1 1 2 
I D  
TEST # 
INPUT DATA 









S P l  
S P 2  
S P 3  
GPM 








P N H  








1 1 3 
EFFSD 
EFFSYS 
S R  
A S R  
B W l  
B W 2  




B 2 Spraydryer W/File/13 Data Analysis Program 
1 1 4 
l L I ST 
S R E H  S P RA Y D R Y E R  W / F I L E / 1 2  I S  A 
PROCRAH D E S I CN E D  TO P R E D I CT 
AN S 0 2 / NH 3  S Y STEM 
1 0  R E M  S PR A Y D R Y E R  P R OC R AH 
I S  P R I NT " B E S U R E  THE DATA D I S K 
I S  NOIJ I N  THE D I S K D R I V E "  
2 0  P R I NT " E NTE R  TH E NAHE OF TH E 
DATA F I L E D E S I R E D "  
2. 5  I N PUT TK S 
3 0  I NP UT " ENT E R  THE NUM B E R  O F  NE 
1J R E C OR D S  TO A D D E D  TH I S  RUN" 
; A D 
3 2.  P R I NT CHR S < 4 1  + " O P E N "  + TK 
• 
3 4  P R I NT C H R $  < 4 1  + " RE A D "  + TK 
S :  I NPUT NP : I NPUT NF 
3 5  D I H  L B S < NF > 
3 6  F O R I l  � 1 TO NF : I NPUT L B s < I  
1 I :  N E XT 
3 7  D I M  X S < N P + AD , NF I  
3 8  I F  NP • 0 THEN 4 6  
4 0  F OR I l  o 0 TO NP - 1 
4 2  F O R  I � 0 TO NF - 1 
4 4  I NP UT X I <  I l . l  I :  N E XT : N E XT 
4 6  P R I NT C H R S  < 4 I + " C L OS E "  + T 
K t  
5 0  N P  • N P  + 1 
5 5  P R I NT  : P R I NT " E NTER I D / R PH / S  
l / S 2 1 S 3 / T 1 / T 2. / T 3 1 S L C I D P F L OW I  
P 1 1 P 2 1 P 3 1 C P H I B P I IJ 1 1 1J2 / 1J3 1 TAH 
B I L K RT I NH 3 1 TNH I PNH A S  SHOIJN" 
: P R I NT 
5 6  P R I NT '' 8 7 0 1 0 1 0 1 1 1 7 0 0 0 1 2 0 0 0 1 1 5  
0 0 1 8  0 0  I 3 0 0 1 1  4 0 1 1 1 0 I . 5 1  . 4 I 4 1 5  
/ 8 1 . 2. 4 1 2. 9 . 9 2 1 1 1 3 1 1 0 9 / 1 0 5 1 7 0 /  
0 / 3 0 / 8 0 / 1 " :  P R I NT 
5 8  P R I NT " S L AS H E S  A R E  A CTU A L L Y  C 
OHHAS " :  P R I NT 
5 9  P R I NT  : P R I NT " H I S S I NC V A L U E S  
O F  5 2  O R  5 3  S HOU L D  B E  ENT E R  
E D  A S  - 1 " ·  P R I NT 
6 0  I NP UT I D , R PH , S 1 , S 2 , S 3 . T 1 . T 2. . T  
3 . S L C . D P F L 01J , P 1 , P 2 , P 3 , C PM , B P 
. 1J 1 , 1J2. . 1J 3 , TAHB . L K RT , NH , TN , PN 
1 0  R E H  C A L C U L ATE V A P O R  P R E S S . 0 
F WATER < I NC H E S  OF M E R C U R Y > 
AT !JET B U L B TEM P . 
8 0  REH L ET W l , W2 , W 3 •WET B U L B  AT 
PORTS 1 , 2. , 3  
1 1 0 REH L ET P 1 WB , P 2. WB , P 3 WB = V A P O  
R P R E S S U R E S  
1 2 0 8 1  a E X P  < 0 . 0 2 7  • W 1  - 2 . 0 0 6  
) 
1 3 0 82. a E X P  ( 0 .  0 2  7 * W 2  - 2. . 0 0 6  
) 
1 4 0 8 3  . E X P  ( 0 .  0 2  7 * W 3  - 2 . 0 0 6  
1 1 5 
1 5 0  R E M  CONV E RT STAT I C  P R E S S . T 
0 I NC H E S  OF M E R CU R Y  
1 6 0  R E M  L ET P 1 , P l , P 3 a ST AT I C  P R E  
S S . A T  P O RTS 1 , 1 , 3  
1 7 0 R E M  L ET B P • B A ROMETR I C  P R E S S  
U R E  
2 0 0  R E M  L ET M 1 , Ml . M 3 a STAT I C  P R E  
S S . < I N .  HC . > 
2 1 0  M 1  o - < P 1  I 1 3 . 6 > + B P  
2 2 0  M l  • - < P l I 1 3 . 6 ) + B P  
2 3 0 M 3  • - < P 3 I 1 3 . 6 )  + B P  
2 4 0  R E M  C A RR I ER Ea . - - DETE RM I NE 
A CTU A L  V A P O R  P R E S S . E X E RT E D  
B Y  W AT E R  I N  D U C T <  I N .  HC . > 
2 5 0  REH L ET T 1 , Tl , T 3 a DUCT TEMP S 
AT P O RTS 1 , 2 , 3  
2 7 1  V l  o 8 1  - < < M 1  - B l > • < T l  -
W l > I < 1 8 3 0  - 1 . 3 • Wl > >  
2 7 2  V 2  • B Z  - < < H Z  - 8 2 > • < T 2 -
W 2 > I < 2 8 3 0 - 1 . 3 • W2 > >  
2 7 3  V 3  • 8 3  - « M 3 - 8 3 > • < T 3 -
W 3  > I < 2 8 3 0 - 1 . 3 • W3 ) ) 
2 8 0  REH DETERM I N E MO I STU R E  F R A C  
T I ON AT 3 PORTS 
2 9 0  REH L ET F l , F 2 , F 3 a MO I STU R E  F 
RACT I ON 
3 0 0  F 1  • V l  M 1  
3 1 0 F Z • V 2 M2 
3 2 0  F 3  • V 3  M 3  
3 2 5  R E M  
3 3 0  R E H  C A L C U L ATE F L OW < S C F M >  T 
HROUCH S Y ST EM U S E  C A L I B R AT I O  
N DATA F O R  O R I F I C E 
3 4 0  R EM S P l C  I S  THE STAT I C  P R E S  
S U R E  A T  WH I CH TH E OR I F I C E W A  
S C A L I B R ATE D .  
3 4 5  R E M  C A L I B R AT I ON DATE WAS J U  
N E , 1 9 8 7  F O R  A F L OW HE A S U R EH 
ENT AT P O RT 1 AND OR I F I C E AT 
P O RT 3 .  SHOU L D  NOT B E  U S E D  
A T  OTH E R  COND I T I ONS . 
3 5 0  R E M  TEMP 1 C  I S  THE TEMP E R ATU 
R E  AT WH I CH TH E OR I F I CE P L AT 
E WAS C A L I B RATED 
3 6 0  REH K F L OW I S  TH E OR I F I C E CO 
NSTANT 
3 6 5  REH CAUT I ON I F  U S E D  FOR OTH 
ER THAN C AL I B R AT I ON COND I T I O  
N 
3 7 0  S P I C  • Z 9 . 6 4 
3 8 0  TEMP 1 C  • 3 0 0  
3 9 0  K F L OW • 1 4 8 0  
3 9 5  R EH A S  O F  JUNE , 1 9 8 7  
4 2 0  T 4  • C S P l C  • < T 1  + 4 6 0 > >  I < M  
1 • < T E M P 1 C  + 4 6 0 > > 
4 3 0  A C F M l  • K F L OW • SQR < DP F L OW >  
• SQR < T 4 > 
4 4 0  T C R  = 5 3 0  I < T 1  + 4 6 0 >  
4 5 0  P C R  D M 1  I 2 9 . 9 2 
4 6 0  R E M  A 1 , A 2 , A 3 ARE S C F H < WET > 
AT P l . P Z , P 3 
4 7 0  A 1  • AC F M 1  • TCR • P C R  
5 1 0  R E M  A P P R O A CH I S  TO TAKE TH E 
S C FM AT P O RT 1 AND C O R R E CT 
1 1 6 
5 2 0  R E M  L E A K RATE I S  I N PUT AS L 
KRT 
5 2 1  REM S C a S C FM 1 C , WH I CH I S  CORR 
E CT I N  ON A l  
5 3 0  R E M  B C � BW l C , WH I CH I S  C O R R E C  
T I ON O N  W l  
5 4 0  R E M  CT l • T E M P l C , WH I CH I S  C O R  
R E CT I ON O N  T 1  
5 5 0  S C  � A l  + L KRT * A l  
5 6 0 B C  • C A l  * F l  + L KRT * A l  * 
0 0 5 1 I S C  
5 7 0  T E C ,. C A l * < T t  + 4 6 0 1  + L KRT 
• A 1  • < TAMB + 4 6 0 1  l SC 
5 7 Z  T E C  D TE C - 4 6 0  
5 7  3 A Z  • S C  • < 1 - B C  + F Z  l 
5 7 8  A3 a A2 • < 1  - F Z  + F 3 l 
S 8 0  R E M  D ETE RM I N E S O Z  CONt . COR 
R E CT E D  F O R  MO I STU R E  
5 9 0  R E M  L ET S l , S 2 , 5 3 a 502 CONt . 
AT P O RT S  t , Z , 3  
6 2 0  R E M  C O R R E CT I ON F O R  F L OW AT 
P O RT t G I V E S  P O RT coNc . ..  c s  
6 3 0 C S  l '" S l • A 1 I S C  
6 4 0  C l  " C S 1  I < 1  - B C l 
6 4 5  I F  s z  D - l TH EN S P . - 1 :  
I F  S Z  • - 1 TH E N  6 5 5  
6 5 0 C Z  • S Z  I < t  - F 2 l 
6 5 5  I F  5 3  • - 1 TH E N  SY • - 1 :  
I F  5 3  a - 1 THEN 6 7 5 
6 6 0  C 3  ,. 5 3  I < l  - F 3 1 
6 7 0  R E M  D E T E R M I NE 502 R EMOVAL E 
F F I C I EN C Y  
6 7 5  I F  S Z  • - 1 THEN 6 8 5  
6 8 0  S P R E F F  • C C C I  - C 2 1 I t t l • 1 
0 0  
6 8 5  I F  5 3 '" - 1 TH E N  7 0 0  
6 9 0 S Y S E F F '" C < C l  - C 3 l I C 1 l  • 1 
0 0  
6 9 5  REM C A L C U L AT E  H C L  S R  
6 9 6  R E M  A D D  C O S U B  Z 6 3 0  AT L I N E 
7 0 0  I F  I T  I S  D E S I R ED TO C A L C  
U L ATE H C L  S R  AND D E L ETE L I NE 
7 1 0  F O R  NH3 
7 0 0  COTO 7 0 5  
? O S  R E M  C A L C  NH3 S R . ETC . C O S U B  
3 5 0 0  MUST B E  A D D E D  AT L I NE 
7 1 0  
7 0 6  R E M  S K I P  SU B 3 5 0 0  I F  NH 3 = 0  
TO AVO I D  A D I V I S I ON BY Z E R O 
7 0 7  I F  NH 3 • 0 TH E N  ? 3 0  
? 1 0  C O S U B  3 5 0 0  
? 3 0  REM S L U R R Y  S P E C I F I C  GRAV I TY 
DETERM I NAT I ON 
? 6 0  Z • SQR ( 6 9 . 5 9 + 2 6 . 0  • S L C I 
? 7 0  S C S L UR • C 8 . 3 4 + Z l  I 1 6 . 6 8 
8 0 0  R E M  STO I C H I OM E TR I C  R AT I O a S R  
8 0 5  R E M  S L C • G P M / 5 6 . 1  D I V I D ED B Y  
CS 1 * 1 0 - 6 * S C / 3 8 6 . 6  EQU A L S  TH 
E S R . 3 8 6 . 6 � C F  OF C AS O C C U P Y  
I NC O N E  L B -MO L E  A T  ? O F  
8 1 0 SR " C 6 . 8 8 6 E 6 • S L C  • C PM l  I 
1 1  7 
8 1 4  REM C A L C U L AT E  TH E OV E RA L L S 
R F O R  CA P L US NH3 B AS E D  ON 1 
1 1  CA AND 2 1 1  NH 3 
8 1 � AX • SR + A S R  
B l 6 A X  .. I NT C A X  • 1 0  0 + . 5 )  I l 
0 0  
8 2 0  R E M  TEMP . D I F F E R ENC E S  
8 � 0  REM M A S S  F E E D RATE C KC I HR >  
8 6 0  M F R  • 2 2 6 . 7  • C PM • S C S L U R  
8 7 0  R EM S AUTER M E A N  D I AMETER O F  
DROPS C DV S > 
8 8 0  R EM S O UR C E S - DV S ; MAST E R S , S DH 
. P A C E  1 8 0  
8 9 0  R E M  D E PTH O F  V ANE C M ETE RS > 
9 0 0  V A N E D  • 0 . 1 4 9 5  
9 1 0  R E M  NUM B E R  O F  VANES 
9 2 0  NVANE • 6 
9 3 0  R E M  HE I GHT OF VANE C M ETE R S > 
9 4 0  HVANE • 0 . 0 0 6 6  
9 6 1  Q l  a l . 4 E 4  • C M F R " 2 4 )  
9 6 2  Q 2  • C RP M  • V A N E D > " . 8 3 
9 6 3  Q 3  • C NVANE • HVANE > " . 1 Z 
9 7 0  DVS a Q 1  I C Q l  • Q 3 ) 
9 8 0  REM L I ME C C AO AND C A C OH I 2 >  
F E E D  RATE I N  L B S I M I N  
9 9 0  MCAO • S L C  • C PM 
1 0 0 0  C AOH2 • 1 . 3 2 • MC AO 
1 0 1 0  R EM S L UR RY F E E D RATE IN L B  
S I M I N  
1 0 2 0  M S L U R F E D  � M F R  • 3 . 6 7 5 E - 2 
1 0 3 0  R E M  C R OTE R I A  FOR E X C E E D I NG 
ATOM I Z AT I ON L I M I TS 
1 0 4 0  C RTA • MS L U R F E D  I 1 . 5  
1 0 4 5  REM 
1 1 1 0  R E M  5 0 2  RATE IN L B S I M I N  FO 
R 3 PORTS • R 1 , R 2 , R 3 
1 1 2 0 R l  • 2 . 5 6 E  - 9 • 5 1  • A l  • 6 
4 . 0 4 
1 1 2 5  I F  S l  • - 1 TH E N  1 1 3 5  
1 1 3 0  R 2  • 2 . 5 6 E - 9 • 5 2  • A 2  • 6 
4 . 0 4 
1 1 3 5  I F  5 3  D - 1 THEN 1 1 5 0  
1 1 4 0  R 3  • 2 . 5 6 £ - 9 • 5 3  • A3 • 6 
4 . 0 4 
1 1 5 0 R E M  M A S S  OF F L U E  C A S  DRY B 
AS I S  L B S I M I N  
1 1 6 0  MDCAS • A 1  • C l  - B C I • 2 9 . 8  
4 I 3 8 6  3 
1 1 7 0  REM TEMP . D R O P  A C ROSS S P R A  
Y DR Y E R  
1 1 8 0  DT • T2 - V 2  
1 2 0 0  REM F L OV R AT E  C AC F H >  
1 2 1 0  CT • < 4 6 0  + T E M P 1 C >  I 5 3 0  
1 2 2 0  C A C F M • S C  • CT • 2 9  9 2  I M 1  
1 2 2 2  R E M  F L OWRATE I N  AC FH AT P 3  
C AS S UM E S  NO L E AK A C ROSS BH > 
1 2 2 3  A C F M 3  ,. A 3  • C 2 9 . 9 2 I M 1 > • 
C C T 3  + 4 6 0 >  I 5 3 0 1  
1 2 2 5 F 1  ,. l NT C F l  • 1 0 0 0  + . 5 >  
1 0 0 0  
1 2 2 6 r z  • t NT  c r 2 • 1 0 0 0  + . 5 >  1 
1 1 8 
1 0 0 0  
1 % 1 8  A C F M 3  • I NT < AC FM 3  + . 5 > 
1 2 2 9  sc . I NT e sc + . 5 >  
1 2 3 0  T E C  a I NT < TE C  + . 5 >  
1 2 3 1  C S  1 • I NT < CS 1 • . 5 )  
1 2 3 1  S P R E F F  • I NT < S P R E F F  • 1 0  + 
. 5 ) I 1 0  
1 2 3 3  S Y S E F F  • I NT < S Y S E F F  • 1 0  + 
5 )  I 1 0 
1 2 3 4  SR a I NT < S R • 1 0 0  + . 5 >  I 
1 0 0  
1 2 3 5  DVS • I NT < D VS * 1 0  + . 5 ) I 
1 0  
1 % 5 0  P R I NT " D ATA C H E C K  D I S P L A Y "  
1 2 5 2  P R I NT " - - - - - - - - - - - - - - - - - - " 
1 2 5 5  P R I NT : P R I NT 
1 2 6 0  P R I NT TA B <  4 l "  I D " TA B <  1 3  > 
" R PM "  TA B <  2 1 > " 5 1 "  TAB < 2 8 ) "  
5 2 "  TA B <  3 5 > " S 3 "  
1 2 6 2  P R I NT I D  T A B < 1 2 > R P M  TA B <  2 
O > S l TA B <  2 7 > 5 2 TAB < 3 4 l S 3 
1 2 6 5  P R I NT : P R I NT 
1 2 6 6  P R I NT " P R E S S  < C >  TO CONT I NU 
E "  
1 2 6 7  I NP UT C t  
1 2 6 8  P R I NT P R I NT 
1 2 7 2  P R I NT T A B < Z > " T l "  TA B <  7 > "  
T1 " TAB < 1 Z ) " T 3 " TAB < 1 7 > " S L 
C "  TA B <  Z l > " DP F L OW" TA B <  2 9 ) 
" P t "  TA B <  3 3 l " P 2 "  TA B <  3 7 l " P  
3 "  
1 % 7 4  P R I NT T 1  TA B <  6 > T1 TA B <  1 1 >  
T3 TA B <  1 6 > S L C  TAB < 2 2 > D P F L O  
W TAB < 2 8 > P 1  TA B <  3 2 > P Z TA B C  
3 6 l P 3 
1 2 7 6  P R I NT : P R I NT 
1 2 7 7  P R I NT " P R E S S  < C >  TO CONT I NU 
E "  
1 2 7 8  I N PUT C I 
1 2 7 9  P R I NT P R I NT 
1 2 8 1  P R I NT TA B <  2 l " C P M" TA B <  9 >  
" B P "  TA B <  1 5 l " W 1 " TAB < Z O l " W 
2 "  TA B <  2 5 > " "'3 " TAB < 2 9 l " T AH 
B" TA B <  3 5 l " L KRT " 
1 2 8 4  P R I NT C PH T A B < 7 > B P TAB < 1 4  
> W 1  TA B C  1 9  > W2 TA B <  2 4  > W 3 TA B <  
3 0 > TAMB T A B < 3 5 l L K 
1 2 8 8  P R I NT P R I NT 
1 2 8 9  P R I NT " P R E S S  < C > TO C ONT I NU 
E "  
1 2 9 0  I N PUT C l  
1 2 9 1  P R I NT P R I NT 
1 2 9 5  P R I NT " FNH 3 "  TA B <  7 l " TNH" TA B <  
1 4 l " PNH" TA B <  1 9 l " A C FH 3 " TA B <  
2 6 l " S C "  TA B <  3 2 l " T E C "  T A B < 3 
7 l " C S 1 "  
1 1 9 7  P R I NT N H 3  T A B < ? > TN T A B < 1 4  
> PN TA B <  1 9 > AC TAB < Z 5 > SC TA B <  
l U TE TAB < 3 7 > C S 
1 3 0 0  P R I NT : P R I NT 
1 3 0 1  P R I NT " P R E S S  < C >  TO CONT I NU 
E "  
1 3 0 2  I NP UT C l  
1 3 0 3  P R I NT · P R I NT 
1 1 9 
H 3 - S R "  
1 3 0 9  P R I NT TAB < Z > S P R E F F  TAB < 1 
Z > S Y S E F F  T A B < 2 1 > S R TA B <  2 8 1  
A S  
1 3 1 3  P R I NT P R I NT 
1 3 1 4  P R I NT " P R E S S  < C >  TO CONT I NU 
E "  
1 3 1 5  I N PUT C S  
1 3 1 6  P R I NT : P R I NT 
1 3 2 0  P R I NT T A B < 2 > " FM 1 "  TA B <  9 1  
" F M 2 " TA B <  1 6 1 " FM 3 "  TA B <  2 3 1  
" C AN 3 S R "  
1 3 1 2  P R I NT  F 1  T A B < 8 1 F 2 T A B < 1 5 1  
F 3  T A B < H > A X 
1 3 2 6  P R I NT : P R I NT 
1 3 2 7 P R I NT " P R E S S  < C I  TO CONT I NU 
£ "  
1 3 2 8  I NPUT C s  
1 3 2 9  P R I NT P R I NT 
1 3 4 6  P R I NT " DO Y OU NE E D  TO R £ - EN 
T E R  TH I S  SAME DATA S ET B E C AU 
S E  OF E R RO R  OR C H ANG E ?  Y E S < Y  
> OR NO < N > "  
1 3 4 8 I NPUT N S 
1 3 5 0  I F  N s  = " Y "  THEN 5 5  
1 4 7 S I 2 • NP - 1 
1 4 8 0  X S < I 2 , 0 1 • STR S < I D I : X f < l l .  
1 1  a STR S < R P M >  
1 4 8 2 X S < I 2 , 2 ) • STR s t S 1 > : X S < 1 2  , 
3 ) '" STR S  < 5 2 1 : I F  5 2  • 
1 TH EN X S < I 2 , 3 > ,. " "  
1 4 8 4  X S < t 2 , 4 )  • STR S < S 3 1 : X S < l 2 ,  
S >  = STR S t T l > :  I F  5 3  • 
1 TH EN X S t l 2 , 4 1 • " "  
1 4 8 6  X H U , 6 >  • STR S < T2 1 : X S < I l .  
7 1  '" STR S < T 3 1 
1 4 8 8 X S < I 2 , 8 I • STR S t S L I : X s < I 2 • 
9 I ,. STR S < D P  I 
1 4 9 0 X S < t 2 ,  1 0 I '" STR S < P 1 > : X s < I 2 
, 1 1 1  a STR S  < P l >  
1 4 9 2  X S < I 2 , 1 l )  • STR S < P 3 > : X I < l 2 
, 1 3 >  '" ST R S  < G P >  
1 4 9 4  X S t i 2 . 1 4 1  • STR s < B P I : X S < l 2 
, l S I  = STR S < V I I 
1 4 9 6  X S < I 2 , 1 6 )  • STR S < V2 1 : X S < 1 2 
, 1 7 1  a STR S t V 3 1 
1 4 9 8  X S t l 2 , 1 8 >  • STR S < TA I : X I < l 2 
, 1 9 1  • STR S  < L K >  
1 5 0 0  X S ( [ 2 , 2 0 > "' STR S < NH > : X S < l 2 
, 2 1 >  ., ST R S  < TN >  
1 5 0 2  X S < I 2 , 2 2 1  = STR S < PN > · X S < l 2  
, 2 3 >  '" STR S < AC I  
1 5 0 4  X S < I 2 , 2 4 )  = STR S t S C > : X S t l 2 
, 2 5 >  .. STR S < TE l  
1 S 0 6 X S  < 1 2 ,  2 6 I • STR S < C S  > : X I  < 1 2  
, 2 7 1 ,. STR S < S P I : I F  SP ,. 
1 TH EN X S t l 2 , 2 7 1  • " "  
1 5 0 8  X S < I 2 , 2 B >  a STR s < S Y > : X S < l 2 
, 2 9 >  = STR S < S R I : I F  S Y ,. 
1 TH EN X S < I 2 , 2 8 1  • " "  
1 S 1 0 X S < I 2 ,  3 0 I = STR S < AS I : X I  < I 2 
, 3 1 I ,. STR S t F 1 I : l F AS a 
1 TH EN X S t l 2 . 3 0 1  • " "  
1 S 1 2 X S < l 2 , 3 2 > • STR s < F 2 > : X S t I 2 
, 3 3 1  ,. STR S < F 3 1  
1 2 0 
X .. - 1 TH EN X S < I Z , 3 4 I '" " "  
1 5 5 0 P R I NT " D O Y O U  VANT TO ENT E R  
ANOTH E R  D A T A  S ET ?  Y E S < Y >  O R  
NO < N > " 
1 5  6 0  I N P UT Y S  
1 5 7 0  I F  Y S  a " Y "  THEN 5 0  
1 5 8 0  P R I NT  " D O Y OU VANT TO STO R E  
TH I S  D A T A  ON D I S K ?  Y E S < Y >  0 
R NO < N > " 
1 5  8 5  I N P UT Z S  
1 5 9 0  I F  Z l  • " N "  TH EN 1 7 0 0  
1 6 0 0  P R I NT C H R S  < 4 )  + " O P E N "  + 
TK S : P R I NT C H R S  < 4 >  + "VR I T  
E "  + TK S :  P R I NT NP : P R I NT NF 
1 6 0 5  F OR I • 1 TO N F : PR I NT L B S <  
I I :  NE X T  
1 6 1 0 F O R  1 1  • 0 T O  N P - 1 :  F O R  I 
.. 0 TO NF - 1 
1 6 2 0  P R I NT  X S < I 1 , I I :  N E XT : N E XT 
1 6 3 0  P R I NT CHR S < 4 )  + " C L OS E "  + 
TK S 
1 7 0 0  END 
2 6 2 0  R E M  H C L  S U B RO UT I N E 
2 6 3 0 HS 1 ,. H 1 • A 1 I SC 
26 4 0 x t  • HS 1 I < t - BC I 
2 6 4 5  I F  HZ ,. - 1 TH EN SH o - 1 
2 6 5 0 
2 6 5 5  
2 6 6 0 
2 6 7 0  
2 6 7 5  
2 6 8 0  
2 6 8 5  
: I F  H Z  .. 
X 2  = H Z  I 
I F  H 3  .. 
: I F  H 3  . 
X 3  .. H 3  I 
R E M  HC L 
NO OHc S Y S  
I F  H Z  .. 
SH " ( ( X 1  
I F  H 3  .. 
- 1 THEN 2 6 5 5  
( 1  - F 2 ) 
- 1 THEN OH • - 1 
- 1 TH EN 2 6 7 5  
( 1 - F 3 1  
E F F I C I ENCY SH • S D  A 
E F F I C I ENCY 
- 1 THEN 2 6 8 5  
- X 2 1 I X t I • 1 0 0 
- 1 TH E N  2 7 3 0  
2 6 9 0  O H  a < < X 1  - X 3 1 I X 1 1  • 1 0 0 
2 7 3 0  R E M  S R  C A L C •  2 HO L E S  HC L / H  
O L E  C A O  
2 8 1 0  ST • < 7 . 8 Z 4 E 6  • S L C  • G P H >  
C HS 1 • S C I 
2 8 1 5  R E M  KQ • S R  B A S E D  ON HO L E S  0 
F CA I NJ E CT E D / TOTA LS REQU I R E 
D TO R E ACT V I TH A L L  5 0 2  & HC 
L 
2 8 Z O  KQ � < 0 . 0 1 7 8 • S L C  • G PH I  I 
< 2 . 5 9 E  - 9 • e s t • s c . o . 5  • 
4 . 5 5 E  - 9 • HS 1 • S C > 
2 8 3 0  KQ .. I NT < KQ • 1 0 0 + . 5 )  I 
t O O  
3 2 3 1  HS t .. I NT < H S t  + 5 )  
3 2 3 Z  SH " I NT < S H • l 0 + . 5 )  I 1 
0 
3 1 3 3  OH "' I NT < OH • 1 0  + . 5 )  ' 1 
0 
3 1 3 4  ST • I NT < ST • 1 0 0  + . 5 )  I 
t O O  
3 Z 3 6  R E M  C A L C . NEV S R  B A S E D  O F  
HC L R XN F I R ST . UT • UT I L I Z .  , F  
L • F RACT . L E F T  
3 Z 3 8  I F  H 1  '" - 1 THEN UT • O H  I 
..... 
1 2 1  
3 � 4 0  UT o SH I ST 
3 Z 4 t  I F  UT > t O O  TH EN UT " 1 0 0 
3 � 4 2  F L  • < 1 0 0  - UT > t O O  
3 � 4 4 R E M  NEW S L C  
3 2 4 &  NS L C  • S L C  • F L  
3 2 5 0  R E M  NEW S R  F O R  S 0 2  
3 � 5 5  SN • & . 8 8 & E 6  • NS • C PM < C  
s 1 • sc ) 
3 2 5 6  SN a I NT < SN • t O O  + . 5 >  
t O O  
3 2 5 7  R E M  RETURN TO 7 0 0  
3 2 & 0  R ETURN 
3 5 0 0  REM NH3 SR S U B ROUT I N E 
3 & 0 0 R E M  PMS • L B MO L E S / M I N  OF S 0 2  
3 7 0 0  R E M  V O L  O F  t L BMO L E  A T  7 0 F  
o 3 5 8 . 9 X < 5 3 0 / 4 9 2 ) o 3 8 & . &  
3 8 0 0  PHS • e sc • e s t  • 1 t  - & >  1 
3 8 & . 6 
3 9 0 0  REM C O R R E CT F O R P S I  TO " HC 
a P A M  
4 0 0 0  P A M  a < PNH • < 2 7 . 6 2 I 1 3 . & > + 
B P > 
4 1 0 0 R E M  V O L  OF NH 3 AT ? O F ,  2 9 . 
9 2  I N  L PM 
4 2 0 0  VNH o NH3 • < < < P AM • 5 3 0 >  
< 2 9 . 9 2 • < TNH + 4 6 0 » > . 5 >  
4 2 1 0  R E M  V O L  NH 3 I N  C FM 
4 2 5 0  VNH • VNH I 2 8 . 3 2 
4 2 6 0  R E M  L B - MO L E S  OF NH 3 
4 2 7 0  ZNH o VNH I 3 8 6 . 6  
4 3 0 0  R E M  A S S U M E S  A 2 1 t NH 3 TO S 
02 R X N  
4 3 5 0  R E M  C A L L  NH 3 - S R a A S R  
4 4 0 0  A S R  • < Z NH I PHS > I 2 
4 4 2 5  A S R  • I NT < AS R  • 1 0 0  + . 5 >  I 
t O O 
4 4 5 0  R E M  R ETURN TO 7 0 0  
4 5 0 0  RETURN 
1 2 2 
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